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TEENDS TN EVOJAJTION: A DISCUSSION OF DATA 
BEARING UPON ‘ORTHOGENESIS' 

MAYNAKU M. METCAI.F 


SIXTY-ONK PIflDRES 


AtrTHOR’a ABSTRACT 

Fiv#* rharactFrs—-IhitnoMs olutiKHtion. |»oHt»*rior |»oint4^diu‘Ks. delay in division of the 
body, delay in coin)>letion of mitosis— are ko distributed amnn^ the Hubdivisions of the 
Opalinidae as to involve either reyieated fortuitoua appearances of these characters, a thinfc 
not to be believed, or trends resident m the Rertu plasm. The Ophryoscolecidae show similar 
distribution of two sots of characters In the Salpidae there is evidence of trends toward 
coilinR of the gut, decreasi* in number, size, regularity, and symmetry of body muscles, 
Kimphtlcation and degeneration of tin- eyes Tliese qualities appear first in the phvlogenv 
in the chain Salpns, the final phase in the life cycle. In the course of the evolution the solitary 
Salpas become more and more modified in the same directions, until in the most highly 
tnoclified speues, the muscles and eyes are as much modified in the solitary Salpas as in the 
aggregated These changes, not disnd\nntageous hut rather adaptive in their beginning in 
the colonial individuals, are harmful to the solitary Salpas, yet the degeneration is. by pre- 
eocious development, thrown hack onto the earlier phase of the life eycle, the solitary stage. 
Precocious development is not purely utilitarian, hut may he more fundamental, biological 

Evolution IS discussed in terms of trends resident in the germ plasm, (heir origin in 
connection wnth mutations, iheir growth, decrease, disappearance, branching, autO'evolution 
Discussion is from the standpoint of the gerintiial stream, intetnal factors of evolution being 
emphasizetl. 

INTRODUCTION 

The purpose of this paper is not so much to present eon- 
clusions as to develop a point of view to be held in mind and 
tested by observation and experiment, and especially to 
emphasize a method of testing the presence of evolutionary 
trends, in different gronj)s of organisms, apart from environ¬ 
mental control. Phenomena among the Opalinidae, the 
Ophryoscolecidae and the Salpidae will be presented. 

In the light of these phenomena, evolution will be treated 
more from the standpoint of the germinal stream and its 
branches and less than is customary from the standpoint of 
the individual organism. The germinal stream is the per¬ 
sistent, the essential, the fundamentally important thing. 
Individual organisms are but transient flecks of foam upon 
the surface of this stream. Evolution has generally been 
discussed from the standpoint of the relation of organisms 
to their environment and from the point of view of the selec- 
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live reaction of tlie environment upon individual organisms. 
W(» sliall attempt to consider the process and progress of 
evolution in tlie germinal stream itself, in the stirp.' From 
this point of view, individual organisms are of int(‘rcst chiefly 
lMK*ause of what they tell us as to the stirp and as to its prob- 
al)le beliavior. We shall dwell more uijon the internal factors 
in evolution, tliose sliown witliin the organism, in ‘the nature 
of the beast,’ and will give less thought to the regulatory 
action of tin} envii-onmeiit through its selective^ pressure upon 
the individual, although, of course, this is always present 
and is th(‘ ultimate check, determining survival for both the 
individual and the stirp. 

Evolution is dependent upon changes in the germinal plasm, 
usually called mutations; upon the appearance of new quali¬ 
ties, their inen^ase, their decrease, or their disappearance 
again. 1 wish to note certain phenomena, chiefly in the three 
groups of orgaiiisms named above, which suggest that some 
characters which appear as a result of germinal change, of 
mutation, increase from generation to generation, apparently 
without environmental aid, seeming to increase because of a 
progressive germinal change which when once started may 
go on to greater and greater development because^ of condi¬ 
tions in the germ y)lasm itself. We will note indications that 
such trends, inherent in the stirp itself, may wax or wane, 
i.e., first increase and then decrease and even disappear. We 
will note in the Salpidae how two such trends may have 
arisen. 

The Opalinidae are a peculiarly favorable group for use 
in study of trends and the behavior o£ trends. They are 
ciliate Infusoria commensal in the recta of Anura and live 
secluded lives in a very uniform environment. Probably 
more than most organisms, they escape much of the stress 
of the struggle for existence. The ratio of importance be¬ 
tween internal and external factors in the evolution of such 
organisms as the Opalinidae is probably more in favor of 

‘This word is used to mean the branch of the germinal stream under con¬ 
sideration. 
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the internal factors tlian is the case among free-living organ¬ 
isms, whose environment is more varied. Such free-living 
organisms have more opportunity to gain advantage for 
themselves by developing adaptations to sfiecial conditions 
occurring in their varied environment. Also, free-living 
organisms are exposed to a larger series of stimuli which 
might instigate mutation. 8uch evidence of trends, therefore, 
as is furnished by such secluded forms as the Ojialinids and 
tlie Ophryoscolecids, botli of which are internal commensals, 
may well b(> given especial consideration. Tlie Salpidae also, 
living all their lives, as they do, floating in the open ocean, 
meet a less diverse set of env'ironing conditions than do ter¬ 
restrial or littoral organisms; so in the Sal])s, as in the inter¬ 
nal iiarasites and commensals, there is less opixirtunity for 
gaining further advantage through special adaptations, when 
once tin; main adjustment to the ndatively uniform condi¬ 
tions of pelagic life has lieen acquired. All such forms an* 
removed from some of the stress of the struggle for existence 
and from some of the opportunities for survival through 
further special adaptation, whicli a more vari(‘d environment 
would pr(‘sent. h^xternal factors of evolution probably play 
among them a less important role, the internal factors being 
relatively more important. 

Th(‘ Opalinidae, the most archaic family of ciliate Iii- 
fusoria,^ show^vitli remarkable clearness the taxonomic inter¬ 
relation between the four genera of the family, gnd the 
taxonomic relations between certain subgenera are clear. 
The evidence for these statements cannot well b(» presented 
within the limits of this paper, l^he accompanying table of 
classification and the phylogenetic chart (fig. 1 and fig. 2) 
state conclusions drawn from data already published (Met¬ 
calf, ^23). 

Protoopalina is the most archaic genus of the family, its 
most primitive subgeneric group, including species from South 
Africa, Patagonia, and Australia, all having the posterior 

* They are evidently relicta from an early period of the evolution of the Ciliata, 
secondarily modified in connection with their habit of internal commensalism. 
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cud of tlie body drawn out into a slender, nonciliated point 
(fig. 3). Protoopalinae are circular, or nearly so, in cross- 
section and they have two nuclei, either distinct from each 
other or united together by a slender thread persisting from 
the last (incomplete) mitosis (fig. 4). The binucleated con¬ 
dition is less established than in the Euciliata, being but 
temporary, since the gametes are generally uninuclear, being 
formed by fission from binucleated individuals. In fission 

CTLIATA 

PROTOOJLIATA 

Opalinidae 

Pro1 0 opalininae (binucleated) 

Proloopalina (spindle-shaped) 

(nine subgenera) 

Zelleriella (flat) 

Opalininae (polynucleated) 

Cepedea (spindle-shaped) 

(six subgenera) 

Opalina (flat) 

Opalinae latae (broad forms, arose in 
Eastern Hemisphere) 
Opalinae angustae (narrow forms, arose in 
Western Hemisphere) 

EITCTLIATA 

Fig. 1 Classification of the Opalinidae. 

in Protoopalitia, whether transverse or longitudinal, each 
daughter cell receives the whole of one of the two parent 
nuclei, whereas in Euciliata each daughter cell receives one- 
half of each parent nucleus. The Euciliata show true bi- 
nucleation, while Protoopalina is only psendobinucleate. Its 
binucleation is due to temporary suppression of division of 
the body, although the nucleus has completed or nearly com¬ 
pleted its mitosis, giving thus a temporary condition of two 
distinct or nearly distinct nuclei in one body. 
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Protoopalina shows not only a habit of delaying body divi¬ 
sion; it has also a habit of delaying completion of mitosis, 
the resting phase of the nnelens not showing the reticulate 
or granular arrangement of chromatin characteristic of rest¬ 
ing nuclei of other animals and plants. The ‘resting’ nuclei 
of Protoopalina are in one or another midmitotic phase. 



Many a species of Protoopalina shows its nucleus not com¬ 
pletely divided into two, the two daughter nuclei being still 
connected by a hollow thread (fig. 4). In the several species 
the midmitotic phase in which the dividing nucleus comes to 
‘rest’ is characteristic of the species. Observe a series of 
drawings showing the characteristic ‘resting’ condition in a 
number of species: figure 5, Protoopalina rhinodermatos, 
resting nuclei granular—a very unusual resting condition in 
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Fig. 3 Protoopalwa xenopodos: A, an ordinaTy individual; B, an elongated 
individual ready for fission; C, the posterior end of a third individual. 

Fig. 4 Protoopahna moniana. 

Fig. n Profoopahna rhinodermafos, ‘resting^ condition, nuclei with granular 
chromatin, a condition seldom found in this genus in * resting’ nuclei. 
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Protoopalina. Figure 6, A, P, papueusis; figure 6, B, nuclei 
from the same individual, showing* a double-skein condition. 
The anterior nucleUvS is slightly more advanced in its mitotic 
phase, as is not unusual in Protoopalina. Its chromatin 
thread is breaking into separate chromosomes. Figure 7, 




Fig. 6 Protonpahna papumsia: A, an ordinary individual; B, its 'resting^ 
nuclei witli chromatin in a skein condition, just beginning to break up into 
chromosomes. 

Fig. 7 Protoopalina filiformis: A, an ordinary individual; B, its nuclei more 
highly magnified. 


P, filiformis, with nuclei roughly in an equatorial plate condi¬ 
tion. The equatorial plate phase of mitosis is usually rather 
indefinite in the Opalinidae. Figure 8, P. regularis, with 
early anaphase nuclei. Figure 9, P. hammondii, with late 
anaphase nuclei. Figure 10, P. scaphiopodos^ vdth early 
telophase nuclei. Figure 11, P. formosae^ with very late 
telophase nuclei, the four daughter nuclei being almost dis- 
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tinct. Figure 12, P. quadrinucleataf with four distinct nuclei. 
Figure 13, P, axonucleatay which usually has from six to ten 
nuclei. One can find in any species of Protoopalina indi¬ 
viduals with nuclei in any phase of mitosis, but the char¬ 
acteristic phase of the nuclei in ‘resting^ individuals, that is, 
in individuals not active in mitosis, is different in different 
species. In other words, Profoopalinae do not complete 
promptly a mitosis once entered upon, but come to rest with 
their nuclei in some midmitotic phase of chromatin arrange¬ 
ment; and different midmitotic phases are specifically char¬ 
acteristic of the ^resting’ nuclei in different species. This 
series of drawings (figs. 4 to 13) illustrates, first, some spe¬ 
cifically characteristic, midmitotic, ‘resting’ phases in Proto¬ 
opalina and, secondly, delay in division of the body until after 
the completion of from one-half to three mitotic cycles. 

Delay of body fission is a generic character in Protoopallnay 
giving pseudobinucleation. Also characteristic of the genus is 
delay in completing mitosis, and the characteristic degree of 
this delay in mitosis, as showm in the midmitotic phase of 
the ‘resting’ nucleus, is a character of diagnostic value for 
the several species. 

Protoopalina gave rise to the genus Cepedeay partly by still 
further delay in body division, more than one division of the 
body being temporarily suppressed, giving not a pseudo- 
binucleate, but a pseudopoljoiucleate condition (figs. 14 and 
15). However, before conjugation, rapid divisions of the 
body, with little increase in nuclear division, gives uninu- 
cleated gametes. In Cepedea the nuclei ‘rest’ with the chro¬ 
matin in a reticulate condition so that resting individuals of 

Fig. 8 Protoopalina regularis, with early anaphase nuclei. 

Fig. 9 Proioopaiina hammondii, with late anaphase nuclei. 

Fig. 10 Protoopalina seaphopodos, with early telophase nuclei. 

Fig. 11 Protoopalina formoaaey with very late telophase nuclei. 

Fig. 12 Protoopalina quadrinv>cleatay with four distinct nuclei. 

Fig. 13 Protoopalina axonucleatay which usually has from six to ten nuclei: 
A, with six nuclei; B, with seven nuclei, the seventh ready to divide to make 
eight; C, with ten nuclei; D, two nuclei, not yet separated, each in an anaphase 
stage of mitosis. 



10 


MAYNAIU) M. METCALF 


tlio several species do not show characteristically diverse 
nuclear conditions. But tlie species do show differing degrees 
of suppression of body divisions, as illustrated. That is, one 
sjjecies (C. Ian v col at a, fig. 14) has four nuclei, one (6\ spinif- 
era. fig. 15) about sixteen, others, say, forty or fifty (C. for- 



Fipj. 14 Cepedea lanceolata (after Bezzenb<?rj(pr, ^04). 

Fig. 15 Cepedea spinifera. 

Fig 16 Cepedea formosac. 

Fig. 17 A ‘resting’ nucleus of OpaUna ohtrtgonotdea, only the upper portion 
being drawn. 

mosae, fig. 16) and so on up to species with several hundred 
nuclei {C. magna). 

The intergradation between Protoopalina and Cepedea, 
while complete in number of nuclei, is not so in nuclear con¬ 
dition. The nuclei in Cepedea, like those in Opalina (fig. 17), 
do not rest in a midmitotic condition as in Protoopalina, but 
have their chromatin reticulate and granular when not ac- 
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tively dividing. The nuclei of those species of Protoopalina 
which have four and eight nuclei are distinguishable at a 
glance from those of Cepedea. 

We have noted for the genera Protoopalnm and Cepedea 
some of the relations of delayed mitosis and delayed fission 
to speciation. There are two other (jualities, of body shape, 
elongation and flattening, that bear relation to the speciation. 
Protoopalina is circular (or nearly so) in cross-section. From 
Protoopalina is derived another binucleated genus, Zelle) iella, 
merely by flattening of the body (fig. 2). 

The multinucleate genus Opalina arose from Cepedea by a 
similar ])rocess of flattening (fig. 2), so that both in the more 
primitive subfamily with binucleated species and in the de¬ 
rived subfamily with multinucleated species the more archaic 
g(MiuH is cylindrical, wliile the more modern genus is much 
flattened. 

In the genus Opaliva it is germane to our discussion to dis¬ 
tinguish a subgeneric group of broad sp(‘cies, Opalinae lafae, 
and a more modern group of narrow sy)ecies, Opatnwe 
aupusfae, deriv(‘d from the former, apparently in North 
America late in the Tertiary period. 

The j)hyletic relations here given between these geneia 
and subgenera are indicated by their form and cytological 
structure and are confirmed, a) by their host distribution, 
related Opalinids being, in general, in related hosts; h) by 
their geograyfiiical distribution, related forms, of botli hosts 
and parasites, being found in contiguous t(*rritory or in places 
to which they might naturally have spread by known routes, 
and, c) by their life-histories, as, for example, in the Opalinae 
angustae, some species, at least, of which ’in the frog 
tadpole are known to be, after conjugation, in ai)pearanc.e, 
at first Protoopalinae, ])ecoming later Cepedeae, then Opalinae 
latae, and finally, Opalinae an gust ae (Metcalf, ’24, ’26), 
reaching the latter condition late in the tadpole life of its 
host or at the time of its metamorphosis, thus repeating in the 
course of the individual development the phyletic history of 
the group. 
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We see, thus, in the family Opalinidae several character¬ 
istics which by their presence or absence, their conjunction or 
disjunction, give the chief diagnostic features of the two 
subfamilies, of the genera, and of some of the subgenera. 
These characters mentioned are flatness, elongation, delay in 

Opallnae 



Fig. 18 Chart of the distribution of four characters in the family Opalinidae. 

division of the body, and delay in completion of mitosis. 
Poiutedness of the posterior end of the body is another char¬ 
acteristic to be discussed later. It is the shufiEling and distri¬ 
bution of these five characters in the family which give us 
the main features of the several subdivisions of the family 
(subfamilies, genera, subgenera) (fig. 18). 
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This, as thus far described in outline, is all introductory 
to the point of special interest in our discussion. As we ob¬ 
serve the distribution of these characters along the stem and 
branches of the Opalinid family tree, we see some of these 
characters increase, others decrease or even disappear, some 
increase independently in separate brandies, and some in¬ 
crease, then decrease and lie latent, to increase again later 
in a more distal branch. As one thinks of these conditions, 
he seesxtwo alternatives in explanation: either there are in¬ 
stances of independent appearance of the same sort of muta¬ 
tion (character), or else these several appearances of the 
same sort of mutation are not independent of one another, 
but are rather each dependent upon some condition in the 
family stirp, this inherent potentiality jjroduciiig a developed 
character at more than one point of the phyletic history. A 
simple and appropriate term for expressing this flair for 
repeated development of an inherent potentiality into a dis¬ 
cernible character seems to be the word Hrend.' Independent 
appearances of the same sort of mutation, for example, delay 
in fission, seem very improbable. The existence of inherent 
trends seems much more probable. We may speak then, 
1) of a trend toward flattening; 2) of a trend toward elonga¬ 
tion; 3) of a trend toward delay in the division of the body; 
4) of a fourth trend toward delay in the completion of mitosis, 
and 5) of at least one other trend, jiosterior pointedness.’* 
A potentiality, weakly expressed, though present, in the 
ancestral stock, which is likely to become more emphasized 
at different points in the later phyletic development (as the 
phyletic history shows) Ave shall call a trend. 

Let us now note in the Opalinidae each of the five trends 
named. First note the tendency to f atness. This is present 
in the whole family and becomes emphasized more than once 
in the course of the phyletic development. In some of the 

* The distribution of these characters in the family Opalinidae and the eridenee 
thus given of trends in the evolution of the family were discussc^d before the 
American Society of Naturalists, at Cincinnati, Ohio, December 29, 1923: 

Inherent trends versus natural selection in the evolution of parasites.*’ 
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species of the most archaic subgemis of the most archaic 
genus, Protoopalina, the body is noticeably flattened on what 
Rapp (’ll) calls the ‘ventral’ surface. More modern species 
of the genus are for the most part little or not at all flattened. 
But some of the most developed species again are consider¬ 
ably flattened. In the case of two of these species one is a 
bit doubtful whether to call them unusually flattened Proto- 
opalinae or unusually stocky Zelleriellae, Zelleriella is a 
genus which arose (in South America, probably in the early 
Tertiary) from Protoopalina, by a flattening of the body. In 
most species this flattening is extreme, the whole thickness of 
the body being little more than that of one of the nuclei. The 
genus Cepedea arose from Profoopalina (apparently in 
southern India in Jurassic times) by multiplication of nuclei 
unaccompanied by fission. A number of species of Cepedea 
are somewhat flattened anteriorly, the anterior end being 
wedge-shaped. Some species, especially some of the most 
elongated ones, are considerably flattened throughout the 
body. Other species are so much flattened that one is in some 
doubt whether to call them Cepedea or Opalina, The genus 
Opalina arose from Cepedea (apparently in southeastern Asia 
during the (Jretaceous period) by flattening of the body. 
Except for a very few species, perhaps survivors ff^om an 
intermediate condition, the Opalinae are extremely flattened, 
as much so as is Zelleriella. 

We thus see at least some flattening, 1) in the earliest 
Protoopalinae, the most archaic members of the family; 2) in 
some members of each of several other subgenera of Proto¬ 
opalinae; 3) in Zelleriella; 4) in the elongated Cepedeae; 
5) in some Cepedeae approaching Opalina in form, and, 6) in 
all the Opalinae, No phylogenetic tree, not preposterous, 
could be so drawn as to avoid assumption of emphasis upon 
flattening at several points in the ijhyletic development of the 
family. In general, the flatter species are among the more 
aberrant members of the family. 

Another simple character of shape, elongation, is moder-. 
ately developed in most Protoopalinae, but is greatly empha- 
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the eye disappear altogether, e.g., the dorsal plug, (figs. 43, 44, 
48, 49, 50, 51, 52, 53, 54, 56). At the same time the rod cells 
lose their regularity of shape and arrangement (figs. 48, 55, 
56), their terminal rods are lost and in place we find the 
whole ‘rod cell’ wall showing merely irregular glassy thick¬ 
ening (fig. 58, compare fig. 57). Even in the solitary forms of 
some species the rod cells become degenerate (fig. 47). Some¬ 
what similar changes might be traced for certain accessory 
eyes present in the brain in the aggregated zooids of different 
species, but it seems hardly best to include here the descrip¬ 
tions needed to make this clear. The things to emphasize are, 
first, the progressive degeneration of the eyes and, secondly, 
that in these phylogenetic changes the aggregated zooids lead 
and the solitary Salps follow. 

The Salpas show thus three trends: 1) toward coiling of 
the gut; 2) toward simplification and irregular arrangement 
of the body-muscle series, and, 3) toward degeneration of 
the eyes. 

We have thus far noted the presence of five trends in the 
family Opalinidae, of two in the Ophryoscolecidae, and of 
three in the Salpidae. In the case of the Salpidae we find 
some indication of how two of these trends may have started. 
I see no clear suggestion as to the origin of the trend toward 
compact coiling of the gut, except that in the phylogeny of the 
Salpidae the exhalent aperture has been drawm backward 
from an originally more dorsal position, such as is seen in 
the ascidians, and that it might be advantageous for the anus 
also to move back so as to be near the exhalent siphon. But 
the degeneration of the eyes and of the muscle system may 
well have been permitted by the habit of the aggregated indi¬ 
viduals of living in a chain. The solitary Salps have to fend 
each for itself. But the aggregated zooids live most of their 
lives as members of a more or less cooperative community, 
the ‘chain.’ The young chain individuals are carried by the 
solitary Salp and have little need of muscles or eyes of their 
own. Only after they reach their full development, except for 
size, are they freed from the chain, and then a number of 
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individuals usually break away together forming quite a long 
colony, and they continue bound together, though no longer 
attached to the solitary Salp. Thus, during the whole period 
of their development and usually until sexual reproduction 
is accomplished, they are members of a cooperative colony. 
Because of the mutual aid between individual zooids, there is 
less need for each zooid to have a full and perfectly developed 
series of muscles or perfect eyes. Natural selection does not 
operate so keenly upon these cooperating zooids in respect 
to their muscles and eyes. 

But this is not all that is involved. Life in a chain group 
does not merely permit departure from the ancestral arrange¬ 
ment and structure of muscles and eyes; it goes further and 
promotes changes in these organs. A word about the ar¬ 
rangement of the zooids in the chain is necessary to make the 
matter clear. In the Salpa chain, as indeed throughout the 
Tunicata, bud-formed individuals arise with the dorsal sur¬ 
face toward the parent and the ventral surface away from 
the parent; belly to back is the position. On the Saipa chain 
many buds are serially formed by constriction of the stolon, 
the oldest bud at the tip of the stolon and the successively 
younger buds forming in series toward the base of the stolon. 
In the young stolon the bud zooids lie in a linear series belly 
to back. But, as the zooids increase in size and crowd one 
another, they change their relative positions, becoming in 
most species apparently a double row of zooids, though not 
really so in fundamental relations. This is brought about by 
the zooids shifting alternately to the right and to the left, no. 

Fig. 48 A parasagittal section of the eye and brain of Salpa (CycloseUpa) pin- 
nata, aggregated form. In this figure the anterior end is at the left, the reverse 
of figure 44. 

Fig. 49 The eye and brain of Salpa {Cyclosalpa) affiniB, aggregated form, 
seen from the right side. 

Fig, 50 Salpa (Cyclosalpa) pinnata, aggregated form. A transverse section 
of the posterior portion of the eye (the brain also showing). 

Fig. 51 A similar section from Salpa {Cyclosalpa) aifinis. 

Fig. 52 Salpa (Cyclosalpa) virgula, aggregated form. The eye and brain. 

Fig. 53 A sagittal section of the same. 

Lettering as in figures 42 to 47. 



34 


MAYNARD M. METCALF 


1 to the right, no. 2 to the left, no. 3 to the right, and so on. 
The result is a double row of diagonally placed individuals 
(compare Brooks, ’93) in which one side of each zooid is more 
cramped than the other side. The zooid that has shifted to 



Fig. 54 Salpa {Ihleu) punctata, aggregated form. A sagittal section through 
eye and brain. Note the accessory eye in the dorsal part of the brain. 

Fig. 55 Salpa (Thetys) vagina, aggregated form. A sagittal section of eye 
and brain. Note the irrogular, degenerate rod cells. 

Fig. 66 Salpa (Pegea) confederata, aggregated form. A sagittal section 
through eye and brain. The optic coll mass at the left (anterior) is all that is 
left of the dorsal eye. The optic cell mass at the right (posterior) is homologous 
with the mass of optic cells in tlie dorsal part of the brain in Salpa punctata 
(fig. 54). 

Fig. 57 A schematic figure of a fully developed rod cell of Salpa. 

Fig. 58 A section through a group of irregular, degenerate * rod cells * of Salpa 
(Pegea) confederata. 

ex., accessory eye; others as in figures 42 to 47, 
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the right aide of the stolon has its left side more cramped, a 
zooid that has shifted to the left has its right side more 
cramped. This produces distorting pressure upon one side 
of each zooid, and we find asymmetrical development of the 
two sides of the body, the muscles also being affected. As to 
the eyes, one sees that the left-hand zooids have eyes turned 
to the right and right-hand zooids have eyes directed to the 
left. 

The habit of living in a cooperative colony has allowed de¬ 
terioration, and the crowding in the colony has introduced 
conditions to which asymmetrical development is an adapta¬ 
tion. Does not this suggest how, in the Salpidae, the ancestral 
character of muscle system and eyes began to be modified? 
Perfect muscles and perfect eyes are less important in a co¬ 
operating communal group, and symmetrical muscles and 
symmetrical eyes are not so well adapted to the place rela¬ 
tions in the chain colony. Adaptive mutations would be en¬ 
couraged. 

But, though these relations suggest how change in ancestral 
structure may have begun, they do not at all adequately ac¬ 
count for the extent to which the changes, once begun, have 
been carried. The changes, once started, have gone on, ap¬ 
parently of their own momentum, until they have resulted in 
considerable, yes, in the end, in great degeneration. It is this 
momentum of mutation that is the chief idea in this paper, 
the habit which mutations so often show of starting a trend. 
The degenerative changes described in Salpidae seem, so far 
as they have gone, parallel to numerous instances of animals 
becoming extinct at the end of a long series of degenerative 
changes. Disturbance of the developmental controls may lead 
to results in the end disastrous far beyond the initial changes. 
Trends once started may also lead to great advantage, favor¬ 
able characters, insignificant in their early development, thus 
reaching a condition in which they are of ‘selection value.’ 

It is interesting to see the different effects produced among 
the Salpidae by introducing alteration in the ancestral control 
over the muscle-band series. In the family as a whole the 



36 


MAYNARD M. METCALF 


trend resulting is toward loss in number of muscles and dimi¬ 
nution in their size, but in one subgenus, Ritteriella, directly 
the opposite result appears, the muscle bands increasing in 
number and width until they form an almost continuous layer 
in the body wall (figs. .‘59, 61). In another subgenus, Thetys, 
the number of muscle bands is much increased, but they are 
short and narrow. Disturbing the ancestral control seems to 
be uncertain business. It may lead to diverse results. 



Fig. 59 Salpa {Rittenelln) amhoineuftis, solitary form, in dorsal view. Sixteen 
body-muscle bands may be counted on the middorsal line. Lettering as in 
figure 29. 

Fig. 60 An aggregated zooid of the same species seen from the left side. 

Fig. 61 Salpa (Bitterialla) pictetif in dorsal view. Twenty-one body-muscle 
bands may be counted. 


There is a point as to the Salpidae which seems worth, em¬ 
phasis. The changes in each of the three sets of organs, gut, 
muscles, and eyes, begin in the phyletic series in the aggre¬ 
gated zooids, the last phase of the life-cycle, and later are 
thrown back upon the solitary Salp, an earlier phase of the 
life-cycle. The appearance of the new characters in the soli¬ 
tary Salp is an instance of precocious development, like the 
formation of the heart in vertebrate embryos before the blood¬ 
vessel system is well developed, or like the early development 
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and large size of the head in the human foetus. It is often 
said that such precociously developed organs are those which 
are of great importance and are of so large size or of so com¬ 
plex character that if they are to be ready to function wlien 
needed they must get an early start in development, their de¬ 
velopment starting earlier and earlier in the ontogeny as, in 
the course of the phylogeny, their size and complexity in¬ 
creases. According to this generally accepted view, preco¬ 
cious development of organs is a utilitarian yihenomenon. The 
Salpas, however, show precocious development in the solitary 
animals of characters which in these non-colonial individuals 
seem not only of no advantage to them, but are even disad¬ 
vantageous. A chain zooid, one of a colony, can get along 
with deteriorated muscle bands and eyes, for it shares 
in the benefits of the muscular activities and light reactions 
of all the zooids in the chain. The solitary Salp, on the other 
hand, has to fend for itself without outside aid. 

The precocious appearance in the solitary Salpa of the de¬ 
teriorated muscles and eyes characteristic of the aggregated 
Salpa has no reason in utility. On the contrary, there must 
be some intimate biological cause, in the very nature of the 
animals, for the tendency of features characteristic of a late 
phase of the life-cycle to be thrown back upon earlier phases 
of the life-cycle. In the Salpidae this occurs even to the dis¬ 
advantage of the solitary Salpa. 

For the sake of avoiding much circumlocution and constant 
modifying phrases, we have discussed the idea of trends as if 
we were endeavoring to establish the hypothesis and prove 
them to be real, but 1 am much more interested in developing 
the idea as a point of view from which to think of the process 
of evolution. If trends be real, they are highly significant in 
evolution. Internal factors then become relatively more im¬ 
portant in evolution and environmental control is less domi¬ 
nant throughout the successive stages of progress. Of course, 
in the large, survival or extinction is dependent upon adapta¬ 
tion, but most of the progressing steps in the evolution may 
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be taken without immediate environmental control. Evolu¬ 
tion may then be thought of from the standpoint of trends 
arising in and inhering in the germinal stirp, of their fluctua¬ 
tion in emphasis, increasing or decreasing or perhaps first one 
and then the other, of their branching, of their shuffling in fer¬ 
tilization like any other characters. Practically all phenom¬ 
ena of phylogeny take on somewhat new aspects from the 
point of view of trends and their manipulation. 

Of especial interest also seems to be the method suggested 
for studying the reality of trends. The distribution of simi¬ 
lar characters in diverse places along the stem and branches 
of the phylogenetic tree may be such that in explanation one 
must choose between germinal trends, on the one hand, or 
multiple occurrences of similar fortuitous mutations, on the 
other hand, and the latter, to say the least, is highly improb¬ 
able. These phenomena are most impressive in orgaxdsms in 
which phyletic descent is very clearly indicated. But even in 
groups with less clearly indicated genetic relationships within 
the group there often may be two or more characters so dis¬ 
tributed in the group as to involve either the presence of 
trends in the group or multiple fortuitous occurrences of 
similar characters. The latter, of course, is too improbable 
for consideration.* The course of the phyletic history, so far 
as subfamilies and genera are concerned, is as clearly indi¬ 
cated in the Opalinidae, I believe, as it is in any group of 
animals or plants. 

The subgeneric groups do not need to be taken into account 
to give crucial instances of the type of character distribution 
emphasized, so I have not carried this paper into the minutiae 
of taxonomic data necessary for adequate discussion of the 

•The main argument in Bergson^8 “Creative Evolution“ is based upon the 
extreme improbability of repeated fortuitous occurrence of mutations leading 
continuously in one direction. If these similar modifications are not of fortuitous 
occurrence^ but are rather due to the presence of one or more trends, the force 
of Bergson’s argument is lost, for then we may have for each developing char¬ 
acter not a great series of repeated similar independent mutations, but, instead, 
in the case of each character, a single mutation establishing a trend and thus 
producing ultimately the developed character. 
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matter from the standpoint of subgenera. We must be con¬ 
tent with the statement that the distribution of characters 
among the subgeneric groups emphasizes the idea of the pres¬ 
ence of trends. 

The taxonomy of the Tunicata is more complex, so it does 
not seem best to discuss for this group the same sort of cru¬ 
cial distribution of characters. We have therefore merely 
described for the Tunicates the three trends and the possible 
origin of two of them. 

Of course the objection is sure to be raised that a trend is 
a mystic, obscure thing of unknown nature and that postulat¬ 
ing its existence does not really explain anything, but only 
makes for vagueness and mystery. What of it? If they seem 
to be real shall we not take them into account, think about 
them, test their exislence and their behavior by observed phe¬ 
nomena, and even endeavor to find ways of so controlling 
phenomena as to study trends to still better advantage? Are 
trends any more mysterious than any other physiologicnl 
processes, and are the phenomena which indicate them and 
their behavior in any different class from physiological phe¬ 
nomena in general? We know practically nothing of the in¬ 
timacies of cell physiology, but we do not, for this reason, 
abandon physiological studies. Indeed, all physical, includ¬ 
ing chemical, phenomena are in the same category. All are 
equally mysterious. Simple explanations of nature, however 
attractive, are usually not true. If the reality is complex, if 
it is diflScult to study, if methods of attack upon the problems 
are difiScult, what of it? It is up to us to see things as they 
are, diflSeulties and all, and to gird our loins for the more 
laborious study the real conditions present. The idea that a 
mutation may initiate a trend,* if true, is an illuminating and 
very important one, however little we may know about the 

* If one wishes to avoid in his phraseology any possible flavor of causation^ he 
might say **the idea that a mutation may habitually be followed by a series of 
more and more emphasised changes in the same direction.’’ I prefer the simpler 
phrasing^ both because it is simpler and because it does give a suggestion of 
causation. 
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origin and real nature of such trends. We may profitably 
study them and their behavior objectively even if we cannot 
show, or even imagine, their ultimate nature. If they are real, 
they and their behavior are significant. The history of evo¬ 
lution may need to be rewritten from the standpoint of 
trends. Internal factors of evolution may prove of most im¬ 
mediate importance; environmental control being only a final 
determining or limiting factor in a long series of changes 
founded upon the nature of the organisms themselves. Few 
students now hold that all features of structure, habit and 
physiological behavior in organisms are useful and have been 
evolved through natural selection because of their utility. 
Dominant as natural selection is and always must be, it may 
well be true that it customarily acts only on the end products 
of certain series out of many long series of changes the pre¬ 
liminary steps of which are indifferent from the standpoint 
of advantage to the organism. 

There are very many phenomena among animals and plants 
which suggest trends. Senescence and disappearance of 
species, genera, families, and even of major groups seem to 
be indicated as often due to trends. Length of life, longer or 
shorter as the case may be, is a specific character, as truly as 
is any physiological or structural quality. It is in the stirp. 
In the species Homo sapiens, whether term of life is or is not 
to any extent a racial quality, it is clearly a heritable quality 
in families, for the individuals of some families are long-lived, 
those of others short-lived. We do not know in what rests 
the control of this matter of persistence of the individual. 
Whatever the control be, it must be resident in the stirp. Mu¬ 
tation in this germinal quality might be of much importance 
from the standpoint of survival. If such mutation should 
initiate a trend, it would be of still greater moment. 

The control over length of life of the individual may be 
related to the capacity for sustaining mitosis without fertili¬ 
zation. It may be related to capacity for sustaining one or 
another sort of metabolic activity. Structural and functional 
specialization of at least the more specialized of the soma 
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cells, their fertilization not occurring, seems to interdict their 
prolonged persistence, though in their germ-cell condition the 
unspecialized forerunners of these soma cells were able to 
maintain themselves for an indefinite period, fertilization 
apparently aiding. Persistence of cell life so long as the cells 
remain unspecialized is a general quality of germ cells. 

But sec in the paleontological record many instances of 
groups which have shown a progressive series of changes in 
some direction until they became structurally bizarre and 
finally became extinct. The gradual over-ornamentation and 
final extinction of the Trilobitcs is one such example. The 
changes made visible by overdevelopment in structure seem 
to have resulted in unbalanced physiological function or func¬ 
tions and final disaster. The bizarre structural features seem 
not in tliems(^]ves hurtful, but they seem rather an indication 
of physiological unbalance. 

The trend to bizarre comijlicatioii of the growth sutures in 
the shell among the Cephalopoda and that to overdevelopment 
of the arm skeleton in Brachiopods are two other examples. 
The increase in size among reptiles in the Cretaceous period 
and of mammals in Tertiary times seems to have contributed 
to the extinction of many groups. This is more directly a 
distortion of physiological habit. In many other groups there 
appear to have occurred a series of changes involving de¬ 
creasing vigor or loss of adaptive plasticity, as, for example, 
among the Bell Toads (Discoglossidae; compare Metcalf, ’28). 
The series of changes in many of these cases may be detect¬ 
able only in habits or in behavior, and not through the aid 
of any visible structural index, such as the over-ornameiita- 
tion of the Trilobitcs. 

The Salpidae, as described, show us how a character may 
arise as an adaptation of a late phase of the life-cycle, and 
later this character, of course from its origin a germinal 
quality, become gradually more and more emphasized in 
earlier phases of the life-cycle. Mutations giving changes 
of an adaptive or at least a harmless nature may be thrown 
back upon earlier stages where they are disadvantageous. 
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Similarly, loss of vigor affecting at first the old individuals 
might be thrown back upon earlier stages in the ontogenetic 
life-history and lead to the decadence or the extermination 
of the species. 

If, at any terminal bud upon the phylogenetic tree, there 
arise in the stirp a trend toward diminishing vigor, it may 
pass into all subsequent branches developed from this bud. If 
among several trends present in any terminal bud there be 
one leading toward disaster, all the branches later to appear 
in the growth of this twig may have eventual disaster in their 
very stirp, and a whole group of species, constituting a sub¬ 
genus or genus or family, for example, may ultimately come to 
grief because of this inherent germinal defect. Once recog¬ 
nize the reality of trends and we must include them in our 
scrutiny of phenomena to see what indications there are of 
their presence. We must recognize also the possibility of 
their branching by mutative alteration and look to see if there 
be indication of this. We must also see if there is indication 
of their fading out or even of their fluctuating in their effect, 
from less to greater and to less again and so on. The dis¬ 
tinct possibility that most of the evolution that occurs does 
so by the appearance and disappearance’ of trends, by their 
conjunction and disjunction, by their branching, by their 
waxing and waning or more varied fluctuating, must always 
be in mind for the student of evolution. I have been so im¬ 
pressed by the irregular occurrence of some character at 
different places in the taxonomic series, especially among 
the Opalinidae, that I cannot resist the idea that the tenden¬ 
cies to develop these qualities are in the stirp and that the 
evolution of the family is largely a matter of the working out 
of these tendencies, of their conjunction and disjunction, of 
their temporary suppression and often later reemphasis. 
Phenomena among the Ophryoscolicidae and the Salpidae 
strongly reenforce this idea, and many series of conditions 
among fossil forms seem to point to similar conceptions. 

Among those fossil forms including the ancestors of Uie 
horse and their relatives there seem to be indications of 
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trends toward increasing emphasis upon the middle digit, 
toward loss of the outer digits, toward complexity in the 
teeth, and toward increase in size of the body. The distribu¬ 
tion of these qualities along the stem and branches of the 
phylogenetic tree seems to be such as to involve either trends 
or independent appearances of similar mutations, the latter, 
of course, a wholly improbable concept. I have no first¬ 
hand familiarity with fossils of the horse tribe and do not 
care to support the idea of trends with evidence from 
taxonomic relations in a group of which I have only second¬ 
hand knowledge. There seem to be many groups among whose 
fossil forms not only are trends suggested by increase of 
characters by increments too slight to be of probable or even 
conceivable selection .value, but among which the occurrence 
of the several characters is so distributed as to involve either 
multiple fortuitous mutations of the same sort or, in the 
case of each such character, a germinal nexus of the sort we 
have called a trend. But the analyses of such groups from 
this viewpoint should be made by first-hand students of these 
groups, and not by an outsider like the present writer. Some 
of the phyla whose phylogenies are best worth scrutiny from 
this point of view seem to be among the Ungulates and the 
Primates, though all phylogenies might well be studied from 
this viewpoint. 

To me trends and their behavior are now the central con¬ 
cept in evolution. But, of course, that adaptation of organ¬ 
isms which we find prevailing is due to natural selection 
which sets the limits within which trends and their results 
must keep. It may be that natural selection affects chiefly 
the later stages in the many series of evolutionary changes 
which occur because of factors within the organism, and that, 
of these internal factors of evolution, trends are among the 
most important. 

In all this discussion the term ‘orthogenesis’ has not been 
used. It does not seem quite an appropriate and adequate 
term. Autogenesis or auto-evolution would perhaps better 
designate the changes that occur from factors within the 
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organism. But the common word trend seems to express 
even more clearly the idea this paper is written to emphasize. 
Let me once more say that I am much less interested in 
establishing the truth of this idea and the value of this method 
of analysis by reference to any particular phenomena than 
I am in persuading observers and students to have the con¬ 
cept and the method in mind while ruminating upon the phe¬ 
nomena with which they are dealing. 

Many students, especially among paleontologists, have de¬ 
scribed series of evolutionary changes by successive steps 
too minute to be each of selection value. In the year 1905, 
I showed from DeVries’ data of mutation in Oenothera 
lamarckiana that the mutation was determinate rather than 
fortuitous, there being inherent tendency to repeated produc¬ 
tion of similar mutants. This point was further developed 
in a paper in the symposium on adaptation at the Cleveland 
meeting of the American Society of Naturalists in January, 
1913 (Metcalf, ’13). Similar phenomena of repeated similar 
mutations are well known in Drosophila. It makes little dif¬ 
ference from the standpoint of evolution whether we regard 
Oenothera and Drosophila as hybrids, for very likely many, 
or most, or possibly all, plant and animal stocks are hybrid 
(Lotsy, ’22, ’25). A dozen years ago, Howard Crawley and 
I discussed together trends in evolution and such crucial evi¬ 
dence of their existence as is given by the distribution of 
certain characters along the stems and branches of some 
phylogenetic trees. His paper upon the Ophryoscolicidae 
(Crawley, ’24) and the present paper discuss only three 
phytogenies out of very many which might well be analyzed 
with a view to crucial tests of the presence of trends. 
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the eye disappear altogether, e.g., the dorsal plug, (figs. 43, 44, 
48, 49, 50, 51, 52, 53, 54, 56). At the same time the rod cells 
lose their regularity of shape and arrangement (figs. 48, 55, 
56), their terminal rods are lost and in place we find the 
whole ‘rod cell* wall showing merely irregular glassy thick¬ 
ening (fig. 58, compare fig. 57). Even in the solitary forms of 
some species the rod cells become degenerate (fig. 47). Some¬ 
what similar changes might be traced for certain accessory 
eyes present in the brain in the aggregated zooids of different 
species, but it seems hardly best to include here the descrip¬ 
tions needed to make this clear. The things to emphasize are, 
first, the progressive degeneration of the eyes and, secondly, 
that in these phylogenetic changes the aggregated zooids lead 
and the solitary Salps follow. 

The Salpas show thus three trends: 1) toward coiling of 
the gut; 2) toward simplification and irregular arrangement 
of the body-muscle series, and, 3) toward degeneration of 
the eyes. 

We have thus far noted the presence of five trends in the 
family Opalinidae, of two in the Ophryoscolecidae, and of 
three in the Salpidae. In the case of the Salpidae we find 
some indication of how two of these trends may have started. 
1 see no clear suggestion as to the origin of the trend toward 
compact coiling of the gut, except that in the phylogeny of the 
Salpidae the exhalent aperture has been drawn backward 
from an originally more dorsal position, such as is seen in 
the ascidians, and that it might be advantageous for the anus 
also to move back so as to be near the exhalent siphon. But 
the degeneration of the eyes and of the muscle system may 
well have been permitted by the habit of the aggregated indi¬ 
viduals of living in a chain. The solitary Salps have to fend 
each for itself. But the aggregated zooids live most of their 
lives as members of a more or less cooperative community, 
the ‘chain.* The young chain individuals are carried by the 
solitary Salp and have little need of muscles or eyes of their 
own. Only after they reach their full development, except for 
size, are they freed from the chain, and then a number of 
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individuals usually break away together forming quite a long 
colony, and they continue bound together, though no longer 
attached to the solitary Salp. Thus, during the whole period 
of their development and usually until sexual reproduction 
is accomplished, they are members of a cooperative colony. 
Because of the mutual aid between individual zooids, there is 
less need for each zooid to have a full and perfectly develox)ed 
series of muscles or perfect eyes. Natural selection does not 
operate so keenly upon these cooperating zooids in respect 
to their muscles and eyes. ^ 

But this is not all that is involved. Life in a chain group 
does not merely permit dejiarture from the ancestral arrange¬ 
ment and structure of muscles and eyes; it goes further and 
promotes changes in these organs. A word about the ar¬ 
rangement of the zooids in the chain is necessary to make the 
matter clear. In the Salpa chain, as indeed throughout the 
Tunicata, bud-formed individuals arise with the dorsal sur¬ 
face toward the parent and the ventral surface away from 
the parent; belly to back is the position. On the Salpa chain 
many buds are serially formed by constriction of the stolon, 
the oldest bud at the tip of the stolon and the successively 
younger buds forming in series toward the base of the stolon. 
In the young stolon the bud zooids lie in a linear series belly 
to back. But, as the zooids increase in size and crowd one 
another, they change their relative positions, becoming in 
most species apparently a double row of zooids, though not 
really so in fundamental relations. This is brought about by 
the zooids shifting alternately to the right and to the left, no. 

Fig. 48 A parasagittal section of the eye and brain of Salpa (Cyclosalpa) pin- 
naittf aggregated form. In this figure the anterior end is at the left, the reverse 
of figure 44. 

Fig. 49 The eye and brain of Salpa (Cyclosalpa) affiniSf aggregated form, 
seen from the right side. 

Fig. 50 Salpa (Cyolomlpa) pinnata, aggregated form. A transverse section 
of the posterior portion of the eye (the brain also showing). 

Fig. 51 A similar section from Salpa (Cyclosalpa) affinU, 

Fig. 52 Salpa {Cyclosalpa) virgulat aggregated form. The eye and brain. 

Fig. 53 A sagittal section of the same. 

Lettering as in figures 42 to 47. 
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1 to the right, no. 2 to the left, no. 3 to the right, and so on. 
The result is a double row of diagonally placed individuals 
(compare Brooks, ’93) in which one side of each zooid is more 
cramped than the other side. The zooid that has shifted to 



Fig. 54 Salpa {Ihlea) punctata, aggregated form. A sagittal section through 
eye and brain. Note the accessory eye in the dorsal part of the brain. 

Fig. 55 &Qlpa {Theiys) vagina, aggregated form. A sagittal section of eye 
and brain. Note the irregular, degenerate rod cells. 

Fig. 56 Salpa (Pegea) confederata, aggregated form, A sagittal section 
through eye and brain. The optic cell mass at the left (anterior) is all that is 
left of the dorsal eye. The optic cell mass at the right (posterior) is homologous 
with the mass of optic cells in the dorsal part of the brain in Salpa punctata 
(fig. 54). 

Fig. 57 A schematic figure of a fully developed rod cell of Salpa. 

Fig. 68 A section through a group of irregular, degenerate ‘rod cells^ of Salpa 
(Pegea) confederata* 

ex*, accessory eye; others as in figures 42 to 47, 
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the right side of the stolon has its left side more cramped, a 
zooid that has shifted to the left has its right side more 
cramped. This produces distorting pressure upon one side 
of each zooid, and we find asymmetrical development of the 
two sides of the body, the muscles also being affected. As to 
the eyes, one sees that the left-hand zooids have eyes turned 
to the right and right-hand zooids have eyes directed to the 
left. 

The habit of living in a cooperative colony has allowed de¬ 
terioration, and the crowding in the colony has introduced 
conditions to which asymmetrical development is an adapta¬ 
tion. Does not this suggest how, in the Salpidae, the ancestral 
character of muscle system and eyes began to be modified? 
Perfect muscles and perfect eyes are less important in a co¬ 
operating communal group, and symmetrical muscles and 
symmetrical eyes are not so well adapted to the place rela¬ 
tions in the chain colony. Adaptive mutations would be en¬ 
couraged. 

But, though these relations suggest how change in ancestral 
structure may have begun, they do not at all adequately ac¬ 
count for the extent to which the changes, once begun, have 
been carried. The changes, once started, have gone on, ap¬ 
parently of their own momentum, until they have resulted in 
considerable, yes, in the end, in great degeneration. It is this 
momentum of mutation that is the chief idea in this paper, 
the habit which mutations so often show of starting a trend. 
The degenerative changes described in Salpidae seem, so far 
as they have gone, parallel to numerous instances of animals 
becoming extinct at the end of a long series of degenerative 
changes. Disturbance of the developmental controls may lead 
to results in the end disastrous far beyond the initial changes. 
Trends once started may also lead to great advantage, favor¬ 
able characters, insignificant in their early development, thus 
reaching a condition in which they are of ‘selection value.^ 

It is interesting to see the different effects produced among 
the Salpidae by introducing alteration in the ancestral control 
over the muscle-band series. In the family as a whole the 



36 


MAYNARU M. MKTCALP 


trend resulting is toward loss in number of muscles and dimi¬ 
nution in their size, but in one subgenus, Ritteriella, directly 
the opposite result appears, the muscle bands increasing in 
number and width until they form an almost continuous layer 
in the body wall (figs. 59, 61). In another subgenus, Thetys, 
the number of muscle bands is much increased, but they are 
short and narrow. Disturbing the ancestral control seems to 
h<} uncertain business. It may lead to diverse results. 
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Fig, 59 Salpa (RiUeriella) amhoineusis, solitary form, in dorsal view. Sixteen 
body muscle bands may be counted on the middorsal line. Lettering as in 
figure 29. 

Fig. 60 An aggregated zooid of the same species seen from the left side. 

Fig. 61 Salpa {Biiterivlla) pictetif in dorsal view. Twenty-one body-muscle 
bands may be counted. 


There is a point as to the Salpidae which seems worth .em¬ 
phasis. The changes in each of the three sets of organs, gut, 
muscles, and eyes, begin in the phyletic series in the aggre¬ 
gated zooids, the last phase of the life-cycle, and later are 
thrown back upon the solitary Salp, an earlier phase of the 
life-cycle. The appearance of the new characters in the soli¬ 
tary Salp is an instance of precocious development, like the 
formation of the heart in vertebrate embryos before the blood¬ 
vessel system is well developed, or like the early development 
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and large size of the head in the human foetus. It is often 
said that such precociously developed organs are those which 
are of great importance and are of so large size or of so com¬ 
plex character that if they are to be ready to function when 
needed they must get an early start in development, their de¬ 
velopment starting earlier and earlier in the ontogeny as, in 
the course of the phylogeny, their size and complexity in¬ 
creases. According to this generally accepted view, preco¬ 
cious development of organs is a utilitarian phenomenon. Tlie 
Salpas, however, show precocious development in the solitary 
animals of characters which in these non-colonial individuals 
seem not only of no advantage to them, but are even disad¬ 
vantageous. A chain zooid, one of a colony, can get along 
with deteriorated muscle bands and eyes, for it shares 
in the benefits of the muscular activities and light reactions 
of all the zooids in the chain. The solitary Salp, on the other 
hand, has to fend for itself without outside aid. 

The precocious appearance in the solitary Salpa of the de¬ 
teriorated muscles and eyes characteristic of the aggregated 
Salpa has no reason in utility. On the contrary, there must 
be some intimate biological cause, in the very nature of the 
animals, for the tendency of features charactei’istic of a late 
phase of the life-cycle to be thrown back upon earlier phases 
of the life-cycle. In the Salpidae this occurs even to the dis¬ 
advantage of the solitary Salpa, 

For the sake of avoiding much circumlocution and constant 
modifying phrases, we have discussed the idea of trends as if 
we were endeavoring to establish the hypothesis and prove 
them to be real, but 1 am much more interested in developing 
the idea as a point of view from which to think of the process 
of evolution. If trends be real, they are highly significant in 
evolution. Internal factors then become relatively more im¬ 
portant in evolution and environmental control is less domi¬ 
nant throughout the successive stages of progress. Of course, 
in the large, survival or extinction is dependent upon adapta¬ 
tion, but most of the progressing steps in the evolution may 
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be taken without immediate environmental control. Evolu¬ 
tion may then be thought of from the standpoint of trends 
arising in and inhering in the germinal stirp, of their fluctua¬ 
tion in emphasis, increasing or decreasing or perhaps first one 
and then the other, of their branching, of their shuffling in fer¬ 
tilization like any other characters. Practically all phenom¬ 
ena of phylogeny take on somewhat new aspects from the 
point of view of trends and their manipulation. 

Of especial interest also seems to be the method suggested 
for studying the reality of trends. The distribution of simi¬ 
lar characters in diverse places along the stem and branches 
of the phylogenetic tree may be such that in explanation one 
must choose between germinal trends, on the one hand, or 
multiple occurrences of similar fortuitous mutations, on the 
other hand, and the latter, to say the least, is highly improb¬ 
able. 'l''hese phenomena are most impressive in organisms in 
which phyletic descent is very clearly indicated. Bui even in 
groups with less clearly indicated genetic relationships within 
the group there often may be two or more characters so dis¬ 
tributed in the group as to involve either the presence of 
trends in the group or multiple fortuitous occurrences of 
similar characters. The latter, of course, is too improbable 
for consideration.® The course of the phyletic history, so far 
as subfamilies and genera are concerned, is as clearly indi¬ 
cated in the Opalinidae, I believe, as it is in any group of 
animals or plants. 

The subgeneric groups do not need to be taken into accoupt 
to give crucial instances of the type of character distribution 
emphasized, so I have not carried this paper into the minutiae 
of taxonomic data necessary for adequate discussion of the 

• The main argument in Bergson's * * Creative Evolution' * is based upon the 
extreme improbability of repeated fortuitous occurrence of mutations leading 
continuously in one direction. If these similar modideations are not of fortuitous 
occurrence, but are rather due to the presence of one or more trends, the force 
of Bergson’s argument is lost, for then we may have for each developing ebar* 
acter not a great series of repeated similar independent mutations, but, instead, 
in the case of each character, a single mutation establishing a trend and thus 
producing ultimately the developed character. 
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matter from the standpoint of subgenera. We must be con¬ 
tent with the statement that the distribution of characters 
among the subgeneric groups emphasizes the idea of the pres¬ 
ence of trends. 

The taxonomy of the Tunicata is more complex, so it does 
not seem best to discuss for this group the same sort of cru¬ 
cial distribution of characters. We have therefore merely 
described for the Tunicates the three trends and the possible 
origin of two of them. 

Of course the objection is sure to be raised that a trend is 
a mystic, obscure thing of unknown nature and that postulat¬ 
ing its existence does not really explain anything, but only 
makes for vagueness and mystery. What of it? If they seem 
to be real shall we not take them into account, think about 
them, test their existence and their behavior by observed phe¬ 
nomena, and even endeavor to find ways of so controlling 
phenomena as to study trends to still better advantage? Are 
trends any more mysterious than any other physiological 
processes, and are the phenomena which indicate them and 
their behavior in any different class from physiological phe¬ 
nomena in general? We know practically nothing of the in¬ 
timacies of cell physiology, but we do not, for this reason, 
abandon physiological studies. Indeed, all physical, includ¬ 
ing chemical, phenomena are in the same category. All are 
equally mysterious. Simple explanations of nature, however 
attractive, are usually not true. If the reality is complex, if 
it is difficult to study, if methods of attack upon the problems 
are difficult, what of it? It is up to us to see things as they 
are, difficulties and all, and to gird our loins for the more 
laborious study the real conditions present. The idea that a 
mutation may initiate a trend,® if true, is an illuminating and 
very important one, however little we may know about the 

* If one wishes to airoid in his phraseology any possible flavor of causation, he 
might say <*the idea that a mutation may habitually be followed by a series of 
more and more emphasized changes in the same direction.’’ I prefer the simpler 
phrasing, both because it is simpler and because it does give a suggestion of 
causation. 
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origin and real nature of such trends. We may profitably 
study them and their behavior objectively even if we cannot 
show, or even imagine, their ultimate nature. If they are real, 
they and their behavior are significant. The history of evo¬ 
lution may need to be rewritten from the standpoint of 
trends. Internal factors of evolution may prove of most im¬ 
mediate importance; environmental control being only a final 
determining or limiting factor in a long series of changes 
founded upon the nature of the organisms themselves. Pew 
students now hold that all features of structure, habit and 
physiological behavior in organisms are useful and have been 
evolved through natural selection because of their utility. 
Dominant as natural selection is and always must be, it may 
well be true that it customarily acts only on the end products 
of certain series out of many long series of changes the pre¬ 
liminary steps of which are indifferent from the standpoint 
of advantage to the organism. 

There are very many phenomena among animals and plants 
which suggest trends. Senescence and disappearance of 
species, genera, families, and even of major groups seem to 
be indicated as often due to trends. Length of life, longer or 
shorter as the case may be, is a specific character, as truly as 
is any physiological or structural quality. It is in the stirp. 
In the species Homo sapiens, whether term of life is or is not 
to any extent a racial quality, it is clearly a heritable quality 
in families, for the individuals of some families are long-lived, 
those of others short-lived. We do not know in what rests 
the control of this matter of persistence of the individual. 
Whatever the control be, it must be resident in the stirp. Mu¬ 
tation in this germinal quality might be of much importance 
from the standpoint of survival. If such mutation should 
initiate a trend, it would be of still greater moment. 

The control over length of life of the individual may be 
related to the capacity for sustaining mitosis without fertili¬ 
zation. It may be related to capacity for sustaining one or 
another sort of metabolic activity. Structural and functional 
specialization of at least the more specialized of the soma 
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cells, their fertilization not occurring, seems to interdict their 
prolonged persistence, though in their germ-cell condition the 
unspecialized forerunners of these soma cells were able to 
maintain themselves for an indefinite period, fertilization 
apparently aiding. Persistence of cell life so long as the cells 
remain unspecialized is a general quality of germ cells. 

But we see in the paleontological record n. ly instances of 
groups which have shown a progressive series of changes in 
some direction until they became structurally bizarre and 
finally became extinct. The gradual over-ornamentation and 
final extinction of the Trilobites is one such example. The 
changes made visible by overdevelopment in structure seem 
to have resulted in unbalanced xdiysiological function or func¬ 
tions and final disaster. The bizafre structural features seem 
not in themselves hurtful, but they seem rather an indication 
of physiological unbalance. 

The trend to bizarre complication of the growth sutures in 
the shell among the Cephalopods and that to overdevelopment 
of the arm skeleton in Brachiopods are two other examples. 
The increase in size among reptiles in the Cretaceous period 
and of mammals in Tertiary times seems to have contributed 
to the extinction of many groups. This is more directly a 
distortion of physiological habit. In many other groups there 
appear to have occurred a series of changes involving de¬ 
creasing vigor or loss of adaptive plasticity, as, for example, 
among the Bell Toads (Discoglossidae; compare Metcalf, ’28). 
The aeries of changes in many of these cases may be detect¬ 
able only in habits or in behavior, and not through the aid 
of any visible structural index, such as the over-ornamenta¬ 
tion of the Trilobites. 

The Salpidae, as described, show us how a character may 
arise as an adaptation of a late phase of the life-cycle, and 
later this character, of course from its origin a germinal 
quality,* become gradually more and more emphasized in 
earlier phases of the life-cycle. Mutations giving changes 
of an adaptive or at least a harmless nature may be thrown 
back upon earlier stages where they are disadvantageous. 
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Similarly, loss of vigor affecting at first the old individuals 
might be thrown back upon earlier stages in the ontogenetic 
life-history and lead to the decadence or the extermination 
of the species. 

If, at any terminal bud upon the phylogenetic tree, there 
arise in the stirp a trend toward diminishing vigor, it may 
pass into all subsequent branches developed from this bud. If 
among several trends present in any terminal bud there be 
one leading toward disaster, all the branches later to appear 
in the growth of this twig may have eventual disaster in their 
very stirp, and a whole group of species, constituting a sub¬ 
genus or genus or family, for example, may ultimately come to 
grief because of this inherent germinal defect. Once recog¬ 
nize the reality of trends Sind we must include them in our 
scrutiny of phenomena to see what indications there are of 
their presence. We must recognize also the possibility of 
their branching by mutative alteration and look to see if there 
be indication of this. We must also see if there is indication 
of their fading out or even of their fluctuating in their effect, 
from less to greater and to less again and so on. The dis¬ 
tinct possibility that most of the evolution that occurs does 
so by the appearance and disappearance of trends, by their 
conjunction and disjunction, by their branching, by their 
waxing and waning or more varied fluctuating, must always 
be in mind for the student of evolution. I have been so im¬ 
pressed by the irregular occurrence of some character at 
different places in the taxonomic series, especially among 
the Opalinidae, that I cannot resist the idea that the tenden¬ 
cies to develop these qualities are in the stirp and that the 
evolution of the family is largely a matter of the working out 
of these tendencies, of their conjunction and disjunction, of 
their temporary suppression and often later reemphasis. 
Phenomena among the Ophryoscolicidae and the Salpidae 
strongly reenforce this idea, and many series of conditions 
among fossil forms seem to point to similar conceptions. 

Among those fossil forms including the ancestors of the 
horse and their relatives there seem to be indications of 
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trends toward increasing emphasis upon the middle digitj 
toward loss, of the outer digits, toward complexity in the 
teeth, and toward increase in size of the body. The distribu¬ 
tion of these qualities along the stem and branches of the 
phylogenetic tree seems to be such as to involve either trends 
or independent appearances of similar mutations, the latter, 
of course, a wholly improbable concept. I have no first¬ 
hand familiarity with fossils of the horse tribe and do not 
care to support the idea of trends with evidence from 
taxonomic relations in a group of which I have only second¬ 
hand knowledge. There seem to be many groups among whose 
fossil forms not only are trends suggested by increase of 
characters by increments too alight to be of probable or even 
conceivable selection value, but among which the occurrence 
of the several characters is so distributed as to involve either 
multiple fortuitous mutations of the same sort or, in the 
case of each such character, a germinal nexus of the sort we 
have called a trend. But the analyses of such groups from 
this viewpoint should be made by first-hand students of these 
groups, and not by an outsider like the present writer. Some 
of the phyla whose phylogenies are best worth scrutiny from 
this point of view seem to be among the Ungulates and the 
Primates, though all phylogenies might well be studied from 
this viewpoint. 

To me trends and their behavior arc now the central con¬ 
cept in evolution. But, of course, that adaptation of organ¬ 
isms which we find prevailing is due to natural selection 
which sets the limits within Avhich trends and their results 
must keep. It may be that natural selection affects chiefly 
the later stages in the many series of evolutionary changes 
which occur because of factors within the organism, and that, 
of these internal factors of evolution, trends are among the 
most important. 

In all this discussion the term ‘orthogenesis^ has not been 
used. It does not seem quite an appropriate and adequate 
term. Autogenesis or auto-evolution would perhaps better 
designate the changes that occur from factors within the 
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organisin. But the common word trend seems to express 
even more clearly the idea this paper is written to emphasize. 
Let me once more say that 1 am much less interested in 
establishing the truth of this idea and the value of this method 
of analysis by reference to any particular phenomena than 
I am in persuading observers and students to have the con¬ 
cept and the method in mind while ruminating upon the phe¬ 
nomena with which they are dealing. 

Many students, especially among paleontologists, have de¬ 
scribed series of evolutionary changes by successive steps 
too minute to be each of selection value. In the year 1905, 
I showed from DeVries’ data of mutation in Oenothera 
lamarckiana that the mutation was determinate rather than 
fortuitous, there being inherent tendency to repeated produc¬ 
tion of similar mutants. This point was further developed 
in a paper in the symposium on adaptation at the Cleveland 
meeting of the American Society of Naturalists in January, 
1913 (Metcalf, ’13). Similar phenomena of repeated similar 
mutations are well known in Drosophila. It makes little dif¬ 
ference from the standpoint of evolution whether we regard 
Oenothera and Drosophila as hybrids, for very likely many, 
or most, or possibly all, plant and animal stocks are hybrid 
(Lotsy, ’22, ’25). A dozen years ago, Howard Crawley and 
I discussed together trends in evolution and such crucial evi¬ 
dence of their existence as is given by the distribution of 
certain characters along the stems and branches of some 
phylogenetic trees. His paper upon the Ophryoscolicidae 
(Crawley, ’24) and the present paper discuss only three 
phytogenies out of very many which might well be analyzed 
with a view to crucial tests of the presence of trends. 
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AUTHOR’S ABSTRACT 

A technique is devolopod whereby the larjpe heavily yolk-laden gxBMhoppBT egg may be 
sectioned for cytolugioal study Egits of Chortophaga vindifasciata and Circotettix vor- 
ruculatus were examined. 

In C. vindifasciata (he structure of the late ovarian nucleus and the chromosomes m 
meiosiM, fertilization, and edrly cleavage are described. In the first maturation twelve 
rod-shaped tetrads are found Near the caudal end of the egg a polar body is given oflF, and 
in the second maturation division there are twelve dyads At fertilization, tarelve separated 
vesicles of the female pronuchni.** are seen scattered about a male pronucleus in which the 
chromosomes are in prophase 

In early cleavage th<* chromosome numbers in the motaphase are found to differentiate 
the male- and female-producing eggs. In the former there are twenty-three and in the 
latter twenty-four chromosomes A vesicular condition m which the chromosomes retain 
their boundaries in interkinesis is indicative of chromosome individuality. 

A comparison of the first and second maturation metaphase chromosomes of the oocyte 
with those of the spermatocyte shows a similar coi^act group on the spindle, a likeness m 
size seriation, and a himilitrity of form. They differ in that in the spermatocyte complex 
there are eleven tetrads and one dyad This latter, the unpaired sex chromosome, falls 
among the large chromosomes. 

A comparison of the chromosome complex of Chortophaga viridifasciata with that of 
Circotettix verruoulatus indicates constancy of generic differences in form, size, number, 
and behavior of the chromosomes. 
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INTRODUCTION 

Statement of the problem 

The constancy of numbers, forms, and behavior of the 
chromosomes in the complex of many species, genera,-and 
higher groups of Acrididae has been demonstrated by Doctor 
McClung and his students. It appears that in many of the 
groups of short-horned grasshoppers the somatic cells of the 
male contain twenty-three chromosomes, while those of the 
female contain twenty-fonr. 

As has been reported by Doctor McClung (’05, ’14, ’17) for 
most acridians, the spermatogonia contain an odd number of 
chromosomes, namely, twenty-three, which reduce to twelve 
in the first spermatocyte, eleven tetrads and one dyad. A 
































CHROMOSOMES IN OKASSHOPPEK EGG 


49 


dimorphism results when in the first maturation the unpaired 
accessory chromosome fails to divide. Thus, of the four 
cells produced by the two divisions, two contain eleven chro¬ 
mosomes and two contain twelve, i.e., one-half the spermatids 
contain the accessory and one-half lack it. 

The observed facts that there are two esseiitialh^ different 
forms of spermatozoa in acridians correlated with the ten¬ 
dency of the species to perpetuate in two sexes of approxi¬ 
mately equal numbers, suf^^ested to Doctor McClun^ in 1902 
that the accessory chromosome functions as a sex determi¬ 
nant. This theory assumed all ova to be of a single type, 
and the present work verifies that assumption. In the follicle 
cells of the ovary twenty-four chromosomes are found demon¬ 
strating the female somatic complex. It is showm later that 
twelve tetrads are found in the first oocyte and all ootids 
contain twelve chromosomes at the end of meiosis. Accord¬ 
ingly, fertilization produces Uxo types of individuals, dif¬ 
ferentiated primarily by their chromosome complex, the male 
containing twenty-thr(‘e and the female twenty-four chromo¬ 
somes in the somatic cells. 

Since 1900, Doctor McClung and his students have been 
studying orthopteran spermatogenesis. Due to technical dif¬ 
ficulties, the chromosome conditions in oogenesis have re¬ 
mained unknown, and this has left without observational basis 
the assumption of a monomorphic condition of the eggs. The 
present contribution is the first to supply this lack and to 
complete the picture of orthopteran gametogenesis upon 
which the chromosome theory of sex is based. 

The observations in this paper are limited to a study of the 
late ovarian stages of the ovum and to the chromosome con¬ 
ditions as found in the egg after oviposition. 
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MATERIAL STUDIED 

The material studied was taken mainly from Chortophaga 
viridifasciata. The grasshoppers were collected in Delaware 
County, Pennsylvania. In this species the animals hatch out 
in the latter part of the summer and hibernate as nymphs of 
the third instar, normally maturing about May in this locality. 
However, when collected in the fall and kept indoors, they 
continue to grow and the females lay eggs by January. Eggs 
from animals raised in this manner, as well as from animals 
collected after they had become adult, were studied. 

The eggs from two pods of a Circotettix verruculatus stock 
upon which Doctor Carothers was carrying out genetical ex¬ 
periments were also studied. 

TECHNIQUE 

Fixation, The preparation of the newly laid grasshopper 
egg occasioned considerable trouble. Du,e to the large amount 
of yolk and thick chitinous chorion present, it is difficult for 
fixatives to penetrate and give good fixation of the egg nu¬ 
cleus and early embryonic cells. Several fixatives were tried 
and, as most favorable results were obtained with Carnoy- 
Lebrum, it was subsequently used. This fixative consists of 
equal parts of chloroform, absolute alcohol, and glacial acetic 
acid saturated with mercuric chloride. Tt penetrates the 
chorion and yolk, giving good fixation of cells scattered about 
in the yolk as well as those on the periphery. The chromo¬ 
some fixation is good, although it is generally considered to 
give poor cytoplasmic fixation. The yolk sections better in 
celloidin when this solution is used. 

Procedure for fixing and preserving. Before fixing, the 
eggs are removed from the pod, the sand and secretion cling¬ 
ing to the chorion are cleaned off. (It is easier to clean the 
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eggs under water, especially if they have been laid some time, 
as the secretion about them has then had lime to harden.) 

The eggs are then placed in Carnoy-Lebrum (at room tem¬ 
perature) for ten minutes, allowing about 1 cc. of fixing fluid 
per egg. After about five minutes, (he chorion of each egg 
is punctured with a fine steel needle. (The puncture should 
be made in a lateral position, thus avoiding the critical region 
about the caudal end. The yolk should be sufficiently hard¬ 
ened so that it does not exude from the punciure.) 

From the fixing fluid they are transferred immediately to 
weakly iodized 70 per cent alcohol for about twenty-four 
hours, or until the solution is no longer decolorized. Several 
changes may be necessary. (This washing removes the ex¬ 
cess of menuiric chloride.) The eggs are then transferred 
to 70 per cent alcohol, where they can ])e left indefinitely. 

Se.ctioning. In sectioning, both celloidin and i)araffin 
methods were tried. The celloidin method was found to be 
the only feasible method, and was used entirely for the prepa¬ 
rations studied. The paraffin method^ was not satisfactory, 
on account of the difficulty in cutting the brittle yolk, and 
because heat causes clumping of the chromosomes and shrink 
age of the large cells. 

Procedure for the relloidw method. In dehydrating, pre¬ 
paratory to celloidin infiltration, the eggs, fixed according to 
the above directions and preserved in 70 per cent alcohol, are 
transferred to 83 per cent alcohol for two hours; 95 per cent 
alcohol, three changes, for twenty-four hours; absolute alco¬ 
hol, two changes, two to four hours; equal parts absolute 
alcohol and ether, one to two hours. They are then placed in 
thick celloidin for two to four weeks. The chorion should be 
punctured in the lateral region under the celloidin. (The 

• The most successful procedure for the paraffin method is as follows: The 
eggs are fixed and preserved according to the preceding directions. Dehydration 
in 83 per cent alcohol for two hours, in two changes of 95 per cent alcohol for 
one hour each, precedes clearing in turpentine, two changes, one hour each. The 
turpentine is removed by chloroform, two changes, five minutes each. The egg 
is then placed in melted soft paraffin (55® to 58®) for one hour, followed by 
hard paraffin (58® to 62®) for one hour. 
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corked vial is dipped in melted paraffin to make it air-tight 
and insure against evaporation.) 

Wlien infiltration is complete, the cork is loosened while 
the celloidin gradually thickens. After about a week, the 
cork may be removed and then the celloidin in which the infil¬ 
trated eggs are embedded should be firm enough to be re¬ 
moved from the vial. The excess celloidin is trimmed off and 
the remainder containing the eggs placed in chloroform vapor 
(about an hour) to harden and then into 70 per cent alcohol 
indefinitely. Or the eggs may be trimmed separately and 
blocked at this time. Celloidin containing infiltrated tissue 
should never be allowed to become dry. 

Each egg is blocked separately. Longitudinal or oblique 
sections are more convenient to cut than cross-sections. The 
infiltrated egg, with a small amount of celloidin surrounding 
it, is placed successively in 95 per cent alcohol, absolute alco¬ 
hol, and in a mixture of equal parts of absolute alcohol and 
ether, sufficiently long (about one minute in each) to dehy¬ 
drate the outer surface of the celloidin. Meanwhile a fairly 
thick solution of celloidin is poured over the surface of a 
fiberoid block which can be fastened in the microtome. The 
egg is then thrust into the celloidin on fjie block. After the 
fresh celloidin has begun to harden, or in about ten minutes, 
the whole is placed in chloroform vapor until the celloidin is 
very firm, but not dry. The blocked egg must then be kept in 
70 per cent alcohol for at least twenty-four hours, after which 
it may be sectioned at any time. 

In making serial sections with celloidin, the eggs are cut at 
12 M with a Minot precision microtome. As the sections are 
cut, each one is pulled to the back of the knife with a sable 
brush. Here they are arranged serially in parallel rows. It 
is necessary to keep the sections and the blocked egg con¬ 
stantly wet with 60 per cent alcohol. 

When the entire egg is sectioned, the sections are trans¬ 
ferred serially to a chemically clean slip. This is accom¬ 
plished by first pulling them on to a safety-razor blade with 
a dissecting needle, and then on to the slip. The length of 
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the rows should be made to correspond to tlie length of the 
cover-slip used, and the same number of sections should be 
in each row. (The author used 22 X 40 mm. no. 0 cover- 
slips.) 

After each slip is filled (an egg about fills two slips), the 
moist sections are blotted with filter-paper to press out all 
excess alcohol. A thin solution of celloidin is immediately 
flooded over the sections with a pipette, and this coating is 
(piickly rinsed with a mixture of equal parts absolute alcohol 
and ether to remove as much of the celloidin as possible, but 
still leave sutBcient to prevent the sections from becoming 
displaced. The slip on which the sections are mounted is 
then placed in 70 per ccnit alcohol until it is convenient to 
stain. The sectioned egg, thus mounted, was mordanted in 
4 per cent iron alum, stained in a } per cent solution of Hei- 
denhain’s haematoxylin, and mounted in damar. 

OBSERVATIONIS 
1. Oogenesis 

Species studied. The observations are based mainly upon 
Chortophaga viridifasciata. A few eggs of Circotcdtix verru- 
culatus were also studied. Both these species belong to the 
subfamily Oedipodinae of the orthopteran family Acrididae. 
Spermatogenesis in C. viridifasciata was reported by 
McOlung in 1905 and Davis in 1908, and in 0. verruculatus by 
Carothers in 1921. 

Ovarian struefnre. The two ovaries of the grasshopper 
consist of a number of tubes lying in the abdominal cavity 
dorsal to the alimentary canal. Each set of tubes opens into 
an oviduct situated laterally. The two oviducts at their cau¬ 
dal ends open into a common duct, the vagina, which in turn 
opens through the ovipositors to the exterior. The ovarian 
tubes are of the holoistic type, i.e., a tyi^e in which each germ 
cell is potentially functional, while the follicle cells surround¬ 
ing each ovum supply the nutriment. The ova are found in 
successive stages of growth in the ovariole. The largest and 
oldest eggs are near the oviduct. 
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Process of oviposition and structure of the egg pod. In the 
process of laying eggs in the laboratory, the female grass¬ 
hopper drills a hole with her ovipositors in the firmly packed 
sand which has been placed about 4 inches deep in the cage 
or in a wide-mouth jar. Sometimes she lays the eggs against 
the inside of the glass container and the process may then be 
observed. The transparent integument between the sclerites 
is as -wide as the sclerites when the abdomen is fully extended, 
and the movement of the internal organs may be superficially 
observed. When she begins laying she throws out a white 
secretion, churning it with her ovipositors, then after a mo¬ 
ment of rest deposits an egg. She repeats these actions until 
the process is finished, which usually requires about three- 
quarters of an hour. The abdomen is gradually shortened 
as laying proceeds, and when almost completed the integu¬ 
ment has disappeared under the sclerites. The hole into 
which the abdomen was inserted is filled almost to the surface 
with excess secretion and finally covered over with sand by 
the hind legs. The secretion hardens and forms a protective 
mass around the eggs. XTsually, in C. viridifasciata, there are 
twelve to fifteen eggs to a pod, but the number may vary from 
seven to twenty. They occupy one-foui;th to three-fourths 
of the pod, depending both upon the number of eggs and the 
distance from the surface that the pod was begun. The eggs 
are arranged in two parallel rows. Each row is composed of 
eggs parallel to each other and placed obliquely in the long 
axis of the pod. 

Periods at which meiosis, fertilisation, and formation of the 
blastoderm and of the germ band occur. The maturation divi¬ 
sions are initiated at the time the egg is laid, but are perhaps 
affected by entrance of the sperm. Apparently, four to six 
hours are required for completion of the first and second 
maturation divisions. By the end of the first day, the pro¬ 
nuclei have united and cleavage has begun. In the second 
and third days, a few very large cells are to be found scat¬ 
tered in the yolk. At seven or eight days, a migration to 
the periphery of the caudal third of the egg is well advanced 
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and there, by repeated division of the cells, the blastoderm is 
formed. At about three weeks, the germ band has invagi- 
nated and is situated in the caudal end of the egg. The serosa 
completely surrounds the egg and the amnion is separated 
from the serosa by the yolk. 

The entire history of the chromosomes throughout all the 
stages of maturation and early cleavage has not been ob¬ 
served, due to insufficiency of material. One mature egg, of 
which there are about ninety sections when cut at 12 m, can 
show only one stage in the whole process. Hundreds of eggs 
were sectioned, but repetition of the same stages arc numer¬ 
ous, even though the eggs were fixed at varying intervals 
after laying. 

Description of the egg in the follicle. Accompanying the 
striking increase in volume of the egg during the ovarian 
growth period, there is a change in the nuclear and cyto¬ 
plasmic structures. A process of diffusion goes on from a 
condensed state of the chromosomes as found in the early 
stages of oogenesis (studied in ovaries in which some of the 
eggs are completely matured) to a condition in the mature 
germinal vesicle in which no definite organization of the 
chromosomes is presented. Figure ] represents a section 
through the distal end of an ovariole. The egg nucleus a, of 
an oocyte, is one in which the chromosomes appear as thick 
and twisted threads, each discrete and separate. The threads 
appear to be lengthening. In the oocyte nucleus h the chro¬ 
mosomes are more diffuse and a longitudinal split is visible. 
Figure 9 is a polar view of a metaphase plate of a dividing 
follicle cell. There are twenty-four chromosomes, the so¬ 
matic number in the female of C. viridifasciata. 

An oocyte nucleus which has attained its maximum size is 
shown in figure 5. Diffuse chromatic threads are typically 
grouped together and lie near the periphery. Small particles 
of chromatin are seen throughout the nuclear network. 
Deeply staining spherical bodies are scattered about the nu¬ 
cleus. No distinct cytoplasmic region surrounds the ger¬ 
minal vesicle. The yolk at this stage is finely granular. 
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Situated in the caudal eJid of the egg* in the late ovarian 
stage, tli(' germinal vesicle jiresents itself as a spheroidal nu¬ 
cleus about 20 or 30 m in diameter (fig. 2). It is surrounded 
l)y a thin cytoplasmic layer, from the jjeriphery of which 
extend irregular sliort amoeboid processes into the yolk. The 
chromatic structure's of the nucleus are very indefinite and 
diffusely staining. Deeply staining spherical bodies are nu¬ 
merous, in some instances appearing to be a part of the 
chromatic network, in others, quite separate. They are also 
found scattered about in the completely formed yolk. At 
this stage the follicular cells (fig. f)—^magnification one-fourth 
that of the germinal vesicle, fig. 2) appear to be functioning 
actively in secreting material for the yolk, as evidenced by 
the vacuoles in the inner cytoplasmic region. 

Description of the egg after oviposition. The laid egg of 
C. viridifasciata is cylindrical with rounded ends, being about 
5 mm. long by 1.2 mm. thick. The ventral surface is slightly 
concave, the cephalic end is rounded, while the caudal end 
tapers slightly, as may be seen in figure 3. The egg nucleus 
is situated just back of the caudal end near the periphery. 
Grasshopper eggs of different species have been described 
by Carothers in 1923. 

The egg is surrounded by two membranes: the chorion, a 
tough chitinous covering, and an inner yirotoplasmic mem¬ 
brane. The fine fibrillar and granular structure of the chorion 
of the laid egg may be seen in figure 28. Micropylar open¬ 
ings, as shown in figure 4, are numerous. They are cylindri¬ 
cal canals obliquely piercing the chorion and occupy a small 
circular area at the caudal end of the egg. (Wheeler, ’89, 
p. 297, describes similar structures for Blatta germanica. He 
describes them as wide-mouthed, very oblique, funnel-shaped 
canals scattered over the end of the egg.) The protoplasmic 
membrane is a thin delicate layer about the surface of the 
yolk, except at the caudal end, where it is much thickened. 
It is also, in some eggs, thickened at the cephalic end. The 
reticular character of the membrane is shown in figures 23, 
35, 37, 37 a, 38, 39. 
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Small transparent spheres containing one or more deeply 
staining granules are found scattered through the entire pro¬ 
toplasmic membrane and are usually increased in amount 
with the thickening of the protoplasm at the caudal and 
cephalic ends of the egg, as may be seen in figures 28, 32, 37 a, 
and 38. They are sometimes found to be of greater size in 
the incomx)lete blastoderm stage, as in figures 8 and 15, and 
are probably metabolic products. (Wheeler, ’89, finds them 
numerous in the cytoplasmic membrane of Blatta eggs. In 
this insect they are rod-shaped masses containing deeply 
staining granules. They have been noted in many other in¬ 
sects as well.) 

The yolk, centrally located, consists of semifluid masses of 
food material and fat-droplets. In the fixed preparations the 
yolk appears somewhat shrunken. Large masses are found 
in the (*ephalic and central portions, while at the caudal end 
the globules are small and mingle with the thickened proto¬ 
plasmic area surrounding the maturation spindles. As may 
be seen in figure 28, they sometimes appear vacuolated. 

The maturation procefis. The process of maturation con¬ 
sists of two mitotic divisions rapidly succeeding each otlier 
without an intervening resting stage. The chromosome num¬ 
ber in each of the four resulting cells is one-half the original 
somatic number. 

While the egg nucleus is generally found in the early ana¬ 
phase of the first maturation division in eggs fixed immedi¬ 
ately after the grasshopper has finished laying all the eggs 
in the pod, other stages up to the second maturation early 
anaphase were also found. The maturation divisions occur 
near the periphery to one side of the caudal end of the egg. 

Description of the conditions as found in C, viridifasciata. 
First maturation. On the first maturation spindle twelve 
tetrads are to be found. Of the chromosomes in the complex, 
eight are large and four are small. The largest chromosome 
is about six times the length of the smallest. The chromo¬ 
somes appear in different forms as rings, diamonds, crosses, 
and 8’s, as in figures 24 to 27, 29 and 30. These differences 
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result from the movements of the separating chromatids as 
they pass from the plane of the equatorial plate to that of the 
long axis of the spindle and proceed to the poles. All fiber 
attachments are telomitic in C. viridifasciata, as may be seen 
in figures 24 to 27, 29 and 30, and each tetrad is therefore 
made up of rod-shaped dyads. A lateral view of a first matu¬ 
ration early anaphase is shown in figure 24. Figures 25, 26, 
29, and 30 are slightly oblique views of the same stage. Fig¬ 
ure 27 is a polar view. They all show the full complex. 

In the early anaphase the dyad character of the daughter 
chromosomes is clearly evident, as is seen in figure 26, in 
which all but three of them are completely separated. A late 
anaphase, shown in figures 33 and 33 a, has twelve dyads 
proceeding to each pole. In the first maturation telophase, 
figures 32, 34, and 35, the chromosomes retain their compact 
nature and homogeneous staining power. As no stages 
between this and the second maturation metaphase were ob¬ 
served, it remains questionable as to whether there occurs a 
resting condition in which all the chromosomes become 
diffuse. 

Second maturation and polar bodies. One of the first matu¬ 
ration telophase groups separates off into .the first polar body 
and remains near the periphery, the other undergoes the sec¬ 
ond maturation division. The chromosomes of the first polar 
body retain their dense staining capacity and compact form. 
They are clumped together as in figures 38 and 39, or, as in 
figure 37 a, are in two slightly separated groups. 

In the second maturation metaphase there are twelve dyads. 
They are simple telomitic rod-shaped chromosomes and cor¬ 
respond in size seriation to the tetrads of the first maturation 
division. A metaphase is shown in figures 37 and 37 a. The 
plane of sectioning has cut the spindle in two parts. On each 
are six dyads. Figure 38 is another lateral view of the second 
maturation metaphase in which only a partial complex is 
shown. In figures 31 and 31 a, which are oblique views of a 
cut spindle on which the chromosomes are in early anaphase, 
the full complex is shown as it is also in figure 36. 
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In the telophase of the second maturation division, figure 
39, there are twelve monads in the group which will form the 
egg nucleus. The chromosomes can be accurately counted, 
even though they are crowded together. The two polar bodies 
are seen near the periphery. The first polar body, a, is dis¬ 
tinguished from the second, h, by its more distant position 
from the pronucleus and by its larger size. 

No further stages were observed up to that in which twelve 
vesicular chromosomes are seen forming the female pronu¬ 
cleus, as is shown in figures 40 and 40 a and described below. 

2. Fertilization 

In the maturation divisions the number of chromosomes in 
the egg nucleus has been reduced to half the number that 
exists in the somatic cells. A similar reduction has occurred 
ill spermatogenesis and \vhen the egg and sperm pronuclei 
unite in the process of fertilization, the resulting nucleus con¬ 
tains the somatic number of chromosomes. 

llie sperm in the egg. The exact time that the sperm enters 
the egg is unknown, although it would seem that it must be 
near the time of oviposition. It becomes embedded in the 
yolk at the caudal end not far from the oocyte nucleus, fig¬ 
ure 3, Figure 10 represents the first stage in which the sperm 
was found after its entrance. It has made its way deep into 
the yolk of the caudal end of the egg. Here it has become 
cylindrically swollen, but no cytoplasm near it is as yet visi¬ 
ble. In figure 11 a distinct c^ytoplasmic area has formed about 
the sperm, which now appears as a somewhat flattened cylin¬ 
der. It is deeply staining and smooth in outline. One end 
tapers and there is a spiral filament at the other. In figure 7 
it has become so swollen that the periphery is irregular, yet a 
cylindrical shape is retained with one end tapering off into 
a spiral, while the other end is bluntly pointed. 

During these earlier stages in which the sperm is becoming 
vesicular, the oocyte nucleus is in the telophase of the first 
maturation division. The telophase represented in figure 34 
was found in the same egg as the sperm shown in figure 10, 
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and that in li^uro 37 was accompanied by the sperm in figure 
7. Figure 12 is an extra sperm in the same egg as the one 
sliown in figure 11. The additional sperm lies near the pe- 
ripliery at the caudal end of the egg. There is no cytoplasm 
present, and it is considerably smaller than the other func¬ 
tioning sperm. 

Tlie next stage observed was that of the male pronucleus, 
in which eleven prophase chromosomes are visible, as is 
shown in figures 40 and 40 a, and described below. 

The male a^ul female pronuclei. The stage nearest actual 
union of the pronuclei that >vas observed is shown in figures 
40 and 40 a. The male and female pronuclei are embedded in 
a mass of cytoplasm near the caudal end of the egg. Tn the 
male pronucleus there are eleven prophase chromosomes. 
They are very granular and arc irregular in outline. A longi¬ 
tudinal split is visible in some of the chromosomes. Chro¬ 
matin granules are scattered throughout the nuclear network. 

Within the cytoplasmic area the twelve large, discrete chro¬ 
mosome vesicles forming the female pronucleus are present. 
Cliromatin granules are scattered about on a faintly staining 
network within each vesicle. This is the only pronuclei stage 
found, but the significance of the different elements is per¬ 
fectly clear. 

3, Cleavage 

Early cleavage nuclei, A study of the conditions in early 
cleavage in four- or five-day egg? of C. viridifasciata shows 
that a few very large nuclei are to be found scattered in the 
yolk. Each large, early cleavage nucleus is surrounded by 
an irregularly shaped cytoplasmic island of which the proc¬ 
esses reach out among the surrounding yolk masses. The 
cleavage mitoses show spindles, centrosomes, and astgrs 
standing out diagrammatically. A rapid decrease in the size 
of the nuclei within the first few days may be noted by com¬ 
paring figure 13 from a two-day egg, figures 15 and 16 from a 
three-day egg, and figure 14 from a four-day egg. (All draw¬ 
ings are of the same magnification.) 
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Chromosimif' conditions as found in early cleavage. Meta- 
phase. In the metaphase the chromosomes lie in a plane 
perpendicular to the lon^ axis of the spindle and midway 
between the poles. They are arranp^ed radially around the 
spindle, the ends to which the fibers are attached are within 
the periphery of the spindle, while the free ends project away 
from the spindle in various directions. Each chromosome is 
separately distinct and densely staininfc. They ^>:raduate in 
size from lar^j^e to small. In the male complex there is one 
large chromosome missing. All the chromosomes appear as 
rod-shaped telomitic dyads. In some of the individuals a pair 
of chromosomes with a pronounced constriction near the end, 
to which the fiber is attached, was observed and is shown in- 
figure 15. A metaidiase plate is shown in figure l.‘l. 

Anaphase. The chromosomes separate lengthwise, the 
halves jn'oceeding to opj)osit(‘ poles. Some cases were ob¬ 
served in which the chromosomes, while still in the meta¬ 
phase plate and in early anaphase, before the halves were 
completely separated, showed a longitudinal split throughout 
the entire lengtli of the chromosome. Figures 15 and 16 show 
an anaphase. All but one of the chromosomes have com¬ 
pletely divided and the daughter halves are going to opy)Osite 
poles. 

Telophase. In the early telophase the chromosomes art* 
clumped together at the spindle poles. The ends to which 
the fibers are attached are close togcth(*r, the free ends pro¬ 
ject in various directions. A clear area appears about each 
chromosome, as is shown in figure 14. This is the beginning 
of a vesiculation. The chromosomes expand and separate 
and apparently cytoplasmic fluid is imbibed. In figure 18 
are shown a few chromosomes of a telophase plate in which 
they appear somewhat swollen and vacuolated. A polar view 
of a succeeding telophase stage, figure 8, shows the boundaries 
of each chromosome still distinct, and the chromatin forming 
a diffusely staining reticulum within each vesicle. A lateral 
view of about the same stage is shown in figure 17. In this the 
longitudinal split and the chromomeres are clearly distin¬ 
guishable. 
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A late stage, and as near a resting condition as was found 
in the incomplete blastoderm stage, is shown in figure 20, 
The chromosome boundaries are still separate and the chro¬ 
matin is reticular in each vesicle with deeply staining masses 
about in the network. These vesicles are embedded in cyto¬ 
plasm and differ in this respect from another group shown in 
figure 19. 

Prophase. The latter group (fig. 19) is perhaps a prophase 
stage. There arc twenty-four distinct vesicles. Size seria- 
tion corresponding to that in the metaphase is indicated by 
the proportions of the vesicles. A large faintly staining pair, 
one in lateral view, a, and one in polar view, b, may be the sex 
pair. A peculiar funnel formation of some of the small vesi¬ 
cles is to be noted, and others are rounded, while the larger 
ones are cylindrical. Within each vesicle is a reticulum on 
which are scattered intensely staining chromatin granules. 

Chromosome numbers. As is to be expected, the chromo¬ 
somes, by their numbers, differentiate the fertilized eggs 
which are to produce males from those wdiich are to produce 
females. There are twenty-three chromosomes in the former 
and twenty-four in the latter, corresponding to the spermato- 
gonial and follicular cell counts. Figure 13 is an oblique 
view of a mctaphase plate with twenty-four chromosomes. 
Also twenty-four chromosomes in a vesicular condition, in 
which the full complex could be accurately counted, is shown 
in figure 19, Figures 15 and 16, of an early anaphase (cut in 
two sections), show^ twenty-four chromosomes proceeding to 
each pole. An early telophase with twenty-three chromosomes 
is shown in figure 14. 

4, Comparison of the metaphase chromosomes of the oocyte 
with those of the spermatocyte in Chortophaga 
viridifasciata 

Maturation of the egg and sperm are essentially the same, 
so far as the chromosomes are concerned, the only difference 
being that in the egg only one of the four groups remains in 
a functioning cell, while in spermatogenesis all are potentially 
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functional. A comparison of the first and second maturation 
metaphase chromosomes of the oocyte with those of the 
spermatocyte in C. viridifasciata shows a similar compact 
group on the spindle, a likeness in size seriation, and a 
similarity of form. It is significant that the two groups of 
chromosomes in the maturing egg and sperm nuclei should 
present such a similarity, because the oocyte group is sur¬ 
rounded by an enormous amount of food material, while 
the spermatocyte, containing a small amount of cytoplasm 
only, is in a small cyst of about 256 like cells. It is evident 
that, in tliis case, the diff(U‘ent environment of the two groups 
does not affect the chromosomal behavior. 

Ill the first oocyte comiilex there are twelve tetrads, while 
in the first spermatocyte there are eleven tetrads and one 
dyad, the accessory chromosome. Tims there are two types 
of second spermatocytes, one containing eleven dyads, the 
other twelve; while all the second oocytes contain twelve 
dyads. In figure 41 the chromosomes are arranged in order 
according to size. The first two horizontal rows are slightly 
oblique views of the first oocyte early anaphase chromosomes 
and row 3 is a polar view of the same stage. It may be seen 
in comparing these with the lateral and slightly oblique polar 
views of early anaphases of the first spermatocyte chromo¬ 
somes in rows 4 and 5, respectively, that the chromosomes of 
the two are very similar in size seriation, form, and behavior. 
The marked exception is the behavior and appearance of the 
accessory. In the first spermatocytes the unpaired sex 
chromosome falls among the large chromosomes. It does 
not divide in the first maturation division, but proceeds to 
one pole in advance of the other chromosomes. The periphery 
is irregular, and in this stage it is generally not so intensely 
stained as the other chromosomes. (The chromosomes at the 
small end of the series in row 4 appear to be larger in propor¬ 
tion, but they are not. This appearance is due to the fact 
that they are drawn in lateral view and the full length of 
the chromosome is visible. Those in row 5, from another 
cell of the same cyst, are in polar view, while those in rows 1, 
2, and 3 are in oblique view.) 
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Til the second maturation division the oocyte chromosomes, 
as shown in the oblique views in rows 6 and 7, there is a 
similarity in all respects to the spermatocyte chromosomes 
shown in rows 8 and 9. Row 8 is a spermatocyte complex 
with twelve chromosomes and row 9, one with eleven chromo¬ 
somes. There is no differential behavior of the accessory 
chromosomes in the second spermatocytes or in the second 
oocytes. 

Thus it may be seen from this study that the chromosomes 
contributed by the two parents in fertilization are comparable 
and that the cells in preparation for this union undergo a 
like series of changes in so far as the chromosomes are con¬ 
cerned. 

5, A comparison of the metaphase chromosomes of the oocyte 
in Circotettix verruculatus with those in the spermatocyte 
in C. verruculatus and ivith those in the oocyte in Char- 
tophaga viridifasciata 

By way of comparison with the conditions in C. viridi¬ 
fasciata, the chromosomes in the first maturation division in 
the eggs of C. verruculatus may be considered. Although 
the chromosomes in the male germ cells of the two species 
have been known to be dissimilar, the fact that a dissimilarity 
also exists in the females is significant. 

In C. verruculatus, the first spermatocyte complex, as de¬ 
scribed by Carothers in 1921 (p. 462), consists of four large 
atelomitic chromosomes, the atelomitic accessory, two medium 
and one small telomitic chromosomes, and three identifiable 
pairs, the members of which may vary from individual to 
individual, having terminal fibers in some and subterminal 
or median in others. In all individuals, one of the large 
atelomitic chromosomes is an octad multiple, involving what 
would otherwise be a larger and a smaller telomitic tetrad. 
This reduces the number of separate elements to eleven in 
the spermatocytes and the somatic number in the male to 
twenty-one instead of twenty-three chromosomes. In the 
female complex there are two accessories, as is apparent from 
a study of the somatic cells. 
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In the eggs of C. verruculatus that were sectioned for the 
present study, three first maturation metaphases and a first 
maturation early telopliase as is shown in figures 21, 22, 23, 
and 28, respectively, were observed. There are eleven 
chromosomes in figure 21. Figures 22 and 23 do not show 
the full complex. Seven of the chromosomes are large, two 
of them medium, and two small. In this genus some of the 
chromosomes differ in form from those of Chortophaga, due 
to the fact that some of th(»m are atelomitic. Four large 
atelomitic rings with median fiber attacliments are to be seen 
in figure 23, while there are three in figure 21. Two other 
atelomitic chromosomes with subterminal fiber attachments 
are present in figure 21, and the chromosome in the upper 
right position is heteromorphic. A constriction of the chromo¬ 
somes is seen in the large cross-shaped chromosome of figure 
23. In the early telophase, figure 28, the chromosomes retain 
their compact nature as in viridifasciata. 

The similarity that exists between the chromosomes of the 
oocyte with those of the spermatocyte in C. viridifasciata, a 
condition also existing in (\ verruculatus, is added proof of 
the constancy in the chromosome complex of each s])ecies. 

REVIEWS AND DISCTTSSIONS 

Oogi^vesis in inst^cfs 

The maturation stages in insects have received little at¬ 
tention compared to that given spermatogenesis, due to the 
diflSculty in liandling eggs heavily laden with yolk. F^olar- 
body formation has been observed in many insects, although 
a detailed cylological study of the process is generally lack¬ 
ing. A complete review of the literature on maturation in 
insect eggs was given by Morrill in 1909. Since that time a 
few papers have appeared, but most of these consider the 
chromosomes only as condensed elements. (Many papers 
dealing with oogenesis among parthenogenetic forms have 
appeared, but as they have no direct bearing on the present 
paper they are not reviewed. The reader is referred to 
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Wilson’s “The cell in development and heredity,’’ 1925, for 
a thorough review of the subject.) 

Review of papers dealing with orthopteran oogenesis 

Four papers which describe meiosis in the orthopteran egg 
have appeared. Blochman (’87) and Wheeler (’89) report 
the conditions as found in Blatta germanica; von Baehr (’07) 
gives them for Bacillus rossii, and Pehani (’25) for Carausius 
morosus. 

Wheeler (’89) and Blochman (’87), in describing polar- 
body formation in Blatta germanica, give similar accounts, 
and the following review considers them together. In the 
young transparent ova when the nucleus has reached its 
acme of development in volume, it is a proportionately large 
spherical body, more highly refractive than the surrounding 
cytoplasm. In its achromatic network are suspended small 
irregular particles of chromatin, or they may be aggregated 
in one or two large masses. The nuclear wall is very distinct. 
In the following stages the nucleus becomes amoeboid and 
moves to the surface of the egg on the concave side. The 
chromatin loses its staining capacity, gives off ‘maturation 
spheres’ (Wheeler’s observation), and decreases in size. The 
first polar spindle is at right angles to the surface of the 
egg. The chromosomes divide and the first polar body is 
constricted off, the second polar body being similarly pro¬ 
duced. The polar bodies later disintegrate. The female pro¬ 
nucleus increases in size and leaves the surface of the egg. 
It exhibits a coiled chromatin filament, while the male pro- 
nucleus is granular. No astral radiations are seen. The two 
pronuclei fuse in the middle of the yolk about one-third of 
the dorsoventral diameter from the back of the egg. The 
cleavage nucleus divides, forming amoeboid cells, some of 
which migrate to the surface to form the blastoderm. The 
chromosome numbers were not determined and the observa¬ 
tions are of little cytological value with regard to them. The 
figures of both Blochman and Wheeler are diagrammatic and 
show no cytological details. 
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Polar-body formation in Bacillus rossii, a parthenogenetic 
form, was described by von Baehr in 1907. The egg nucleus 
lies in the peripheral protoplasm in the posterior half on the 
ventral side of the egg, and at oviposition is preparing to 
undergo the first maturation division. In the metaphase 
eighteen to twenty chromosomes are counted. They are in 
the form of tetrads, a few appear as dyads, or tetrads with 
a weak linkage of the dyads. The first polar body is not 
separated from the egg, but remains in the protoplasmic 
membrane. In interkinesis the chromosomes in each nucleus 
arrange themselves in an equatorial plate, the egg nucleus to 
form the second polar body and the first polar body to divide. 
These chromosomes appear clearly as dyads. After division, 
which does not take place simultaneously in the two groups, 
the chromosomes appear as monads. The egg nucleus now 
stains lightly and increases quickly to many times its original 
size. It lies not far from the periphery and here the first 
cleavage takes place. The figures show no cytological details 
and the work is of little value with regard to the chromosomes. 

Pehani (’25) describes oogenesis in Carausius morosus. 
The nucleus of an egg fixed immediately after laying may be 
found in one of the various stages from the first maturation 
even to the metaphase of the second maturation. The earliest 
stage found in the laid egg was a spireme prophase of the 
first maturation division with the chromosomes interlaced. 
When in the equatorial plate the diploid number appears, 
but the chromosomes are difficult to count. There are ap¬ 
proximately sixty-two to sixty-four short, almost spherical 
rods. The position of the spindle on the surface of the egg 
is variable. It may be parallel or oblique, but is seldom 
perpendicular. No centrosome is present. Only a small 
amount of cytoplasm surrounds the spindle, and it is soon 
filled with yolk spheres. 

In interkinesis the egg nucleus shows no resting structure. 
The chromosomes, easily differentiated, remain scattered in 
the nuclear cavity. They rire still difficult to count, but it is 
evident that more than the haploid number is present. Sev- 
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oral cliromosomes j?roup themselves together in this stage, 
and wlien they arrange themselves in an equatorial plate for 
Uie second maturation division, some remain banded together 
in chain form or are grouped around a central chromosome. 
1’lie diploid number in the second maturation is certain. The 
nucleus enlarges, sinks in the egg, and the first cleavage fol¬ 
lows. The method of blastoderm formation was not observed. 
Examination of Pehani’s figures that show polar and lateral 
views of early anaphases of the first and second maturation 
divisions would indicate a poor fixation of the material, which 
therefore is not sufficiently accurate to afford a knowledge of 
the cytological details. The material is also unfavorable for 
the study of chromosomes. 

Discussion of orthopteum oogenesis 

It may be seen from the above reviews that the incomplete¬ 
ness of observations prevents a thorough comparison to the 
conditions as found in the grasshopper. Perhaps the most 
significant fact to be noted from them is that no diffuse state 
of the chromatin in the resting stage between the maturation 
divisions is described in any of the animals, and this also 
appears to be lacking in the grasshopper. A dissimilarity 
in the structure of the female jironucleus in Blatta germanica. 
Bacillus rossii, and in Carausius morosus from that in the 
grasshopper exists. Jn the former a typical resting nucleus 
is found, while in the latter it is one in which the vesicular 
chromosomes remain separately embedded in the cytoplasm. 
Also, it is to be noted that the plane in which the polar 
spindles are formed varies, being perpendicular, oblique, or 
parallel to the surface of the egg in Carausius morosus and 
in the grasshopper, but it is always perpendicular in Blatta 
germanica. 

In general, it may be said that in oogenesis in the Orthop- 
tera studied there is a growth period of the ovarian oocytes 
in which the egg nucleus becomes greatly enlarged and vesicu¬ 
lar. At the time of oviposition the maturation divisions are 
initiated, there being two rapidly succeeding divisions in 
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which the chromosome number is reduced to half. The chro¬ 
mosomes are in the form of tetrads resulting in the haploid 
number in the first maturation metaphase, except in Oarausius 
morosus, in which the diploid number of the chromosomes in 
dyad form is found. The diyiloid number is also present in 
the second maturation metaphase in this case. In the others 
the haploid number of chromosomes, in dyad composition, is 
found ill the second maturation metaphase. The two polar 
bodies separate off into the peripheral protoplasm and are 
non-functional. The eg^ pronucleus enlar^^es and sinks into 
the egg. In Oarausius morosus and Bacillus rossii, which 
are parthenogeni^tic* forms, it immediately undergoes the 
first cleavage; Imt in Cliortiphaga viridifasciata and Blatta 
germanica it nniies with the male pronucleus, and the result¬ 
ing zygole then undergoes the first cleavage. 

Ilvcvut papers on oogenesis in other orders of inserts 

Of recent studies among other groujis of insects which are 
of cytological value, that of S. H. Schrader’s in 1924 on a 
parasitic Strepsipteran, Achroschismus wheeleri Pierce, is 
the only one that considers the chromosomes in other stages 
than those in which they are condensed elements. Briefly 
reviewed, the resting oocyte nucleus has a very fine reticulum 
studded wdth chromatin granules. At the beginning of matu¬ 
ration eight condensations of chromatin appear and are sur¬ 
rounded by a clear zone. The clear non-staining material 
draws out to form a sheath about each tetrad. The nuclear 
membrane shrinks and the fusiform bodies come together 
at one end. Fan-shaped figures are formed, and finally a 
compact barrel-shaped figure results. There is no trace of 
fibrillar formation to the sheath. At the entrance of the 
sperm the sheath disappears, the chromosomes divide, and 
there appears to be a fibrillar character to the sheath. The 
two polar bodies are formed in rapid succession. After the 
second polar body is extruded, the chromosomes become 
vesicular and stain lightly, the chromatin granules adhere to 
the membrane of each chromosome. 
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The sperm enters at any point, but once entered it is 
oriented toward the female pronucleus. One or more sperm 
may enter, but only one functions. The sperm reaches the 
nucleus at the time of the extrusion of the second polar body. 
The tail disappears, the head swells and becomes a typical 
resting nucleus. A single fusion nucleus is formed and in 
the first somatic division sixteen chromosomes appear. 

This paper is of especial interest in that it describes the 
only other case observed in which the female pronucleus re¬ 
sembles that in the grasshopper. A stage is figured in which 
the female pronucleus, consisting of separated chromosome 
vesicles, is embedded in the same mass of cytoplasm as the 
male pronucleus. This is a stage comparable to that de¬ 
scribed and figured for the grasshopper in the present paper. 
In these two cases direct evidence of the genetic continuity 
of the chromosomes from the first maturation division of 
the oocyte to the pronucleus stage is obtained. There is no 
resting stage, in which the chromosomes apparently lose their 
identity, between the first and second maturation divisions 
or after the second maturation division before the union of 
the pronuclei. 

Two papers dealing with oogenesis in Lepidoptera may be 
mentioned. They consider the chromosomes mainly as con¬ 
densed elements and stress points with relation to their num¬ 
bers and behavior. Seiler (’12, ’14) studied three species. 
In Phragmatobia fuliginosa twenty-eight chromosomes are 
found in the first maturation metaphase. There are twenty- 
seven short rod-shaped chromosomes and one chromosome 
which is considerably larger. In the first maturation anaphase 
groups the separated mates of the large chromosome are 
found to be unequal in size. In the group in which the smaller 
chromosome appears, an extra small chromosome has been 
split off, accounting for the decrease in size of the mate. This 
results in a dimorphism in the eggs. Half have twenty-eight 
chromosomes, the rest have twenty-nine. All sperm contain 
twenty-eight chromosomes. At fertilization embryos contain 
fifty-six or fifty-seven chromosomes, the former producing 
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males and the latter females. In Lymantria japonica and 
Lymantria dispar thirty-one chromosomes, both in the egg 
and sperm, are present, and there are sixty-two somatic 
chromosomes in all embryos. Thus for these two species 
Seiler assumes an x-y sex-determining pair. 

Dederer (’15) observed the two maturation divisions in 
Philosamia cynthia. The twenty-six somatic chromosomes 
are rounded bodies of approximately eiiual size. In the re¬ 
duced number they divide equally and simultaneously in the 
first and second maturation divisions. 

In a study on certain coreid Hemiptera, Morrill (’09) ob¬ 
served maturation in two species, Anasa tristis and Protenor 
belfragei. In these the eggs all contain the same number of 
chromosomes. Sexual differences are due 1o the presence of 
an accessory chromosome, and in these cases the sperm are 
dimorphic. Thus embryos of fourteen and fifteen chromo¬ 
somes are found in Protenor, and of twenty-one and twenty- 
two in Anasa. In two other species (in which maturation was 
not observed) embryos of two types having twenty-one and 
tw’enty-two chromosomes in Chelinidae vittigera and fifteen 
and sixteen in Archimerus alternatus were also found. 

In Diptera, Huettner (’24) describes maturation in Dro¬ 
sophila melanogaster. The ovarian egg has a large reticular 
nucleus, but when ready to be fertilized the metaphase spindle 
of the first polar body is present. Polar-body formation is 
initiated by the entrance of the sperm. The first polar body 
is pushed off in a direction opposite to the male pronucleus. 
No resting nucleus appears, but the two diploid groups form 
new spindles. The second polar body is produced and the 
first polar body divides. Four haploid chromosome groups 
are now found in the telophase, the three polar bodies and 
the female pronucleus. The male and female pronuclei fuse, 
a resting nucleus being formed. The polar bodies finally 
disintegrate. No chromosome count is given and the figures 
show little detail with regard to them. However, the paper 
is chiefly concerned with the origin of the germ cells. 
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Oo^eiiesiH in llie different insects, no matter how much the 
details of tlie process may vary, accomplishes one thing, i.e., 
the reduction of the chromosom(i number from the diploid 
to the haploid count. The widespread occurrence of sex-deter¬ 
mining chromosomes among insects as found from studies 
on male germ c(ills is further demonstrated by examination 
of the meiotic divisions in the female germ cells, although 
the studies in the latter field are comyiaratively meager. 

Sif/nifi(‘(i)iC(‘ of chromosoma vesicles 

The vesicular condition of the chromosomes is indicative 
of their individuality. In all diffuse stages of the chromo¬ 
somes in early cleavage in the grasshopper egg the chromo¬ 
some boundaries could be recognized. It is of particular 
interest that a perceptible chromosome individuality is main¬ 
tained in these cells, because some of them are destined to 
become primordial germ cells. In many insects the latter 
can be identified with ceriainty in early cleavage and 1 raced 
onward io the formation of the gonads. A determination of 
the origin of the germ cells in the grasshopper is being under¬ 
taken! at the i)resent time by a student in this laboratory. It 
is possible that this study will establish a visible continuity 
of individual chromosomes from the meiosis of the oocyte 
to the differentiation in early cleavage of those cells which 
arc to become the primordial germ cells. This would indicate 
real independence of the germ line. 

The occurrence of chromosome vesicles is common in the 
eggs of animals. Eichards (’17) has traced the chromosomes 
in the eggs of Funduliis from the metaphase of one-cell gen¬ 
eration through all the stages of mitosis and interkinesis as 
continuous structures which give rise to the prophase chromo¬ 
somes of the next mitosis. However, he does not give a count 
of the chromosomes establishing a numerical constancy as is 
done in the present paper for the grasshopper. Richards 
gives a list showing the wide distribution of the condition and 
a general summary of the occurrence of chromosome vesicles. 
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Chromosomes in a vesicular condition have also been found 
in the Orthoptcran testis. Sutton (’00) describes vesicles in 
Brachystola inagna. In the primary spermatogonial divi¬ 
sions, immediately after the formation of the partition wall, 
the chromosomes begin to disintegrate. They lose their homo¬ 
geneous appearance and become granular. At the same time 
there is found about each one a distinct membrane. Separate 
chromosome vesicles, however, do not last long, as their walls 
are soon dissolved where tliey come in contact at their polar 
ends. The chromatin of the vesicular chromosome, after re¬ 
maining some time at the periphery, again recedes and accu¬ 
mulates at the center of the vesicle. The vesicular charactc^r 
of the accessory is also noted, and it remains indepeiuhnit 
throughout its entire existence. 

Finney (’08) describes vesicles in Fhrynotettix magnus 
which wer(‘ thought to remain distinct through the resting 
stage. As the chromosomes move apart each becomes sur¬ 
rounded by a delicate membrane. The chromosome vesicles 
then enlarge and the chromatin becomes diffuse. 

Wenrich (’16), working on the same material, uses as proof 
of chromosome individuality the presence of vesicles ’which 
retain their own limits in the resting nucleus. This is asso¬ 
ciated with a constancy of the finer organization of the chro¬ 
mosomes, both from stage to stage and from one individual 
to another. Davis (’08) describes vesicles in Steiroxys tri- 
lineata that fuse at one end and the accessory is enclosed in 
a separate vesicle. 

Thus it may be seen that orthopteran material, especially 
of the family Acrididae, offers considerable proof of chromo¬ 
some individuality through the presence of cliromosome 
vesicles. 

Chromosomes in orthopteran spermatogenesis 

A detailed study of the chromosomes in orthopteran sper¬ 
matogenesis was published by McClung in 1914. Each indi¬ 
vidual animal shows in every cell the same chromosome com¬ 
plex. The number, size, form, and behavior, due to an exact 
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division of each chromosome in every mitosis, are held con¬ 
stant for each species. The relative sizes of the chromosomes 
in the complex of each species vary and range from small 
to large, either gradually or by abrupt steps. 

Chromosome form is determined by degree of condensation, 
mode of fiber attachment on the spindle, by multiplicity, and 
by other conditions. In the Acrididae, some tetrads may be 
rod-shaped, others crosses, diamonds, rings, double rings, or 
V’s, double V’s, J’s, L’s, or I’s in shape. As may be ex¬ 
pected, the metaphase chromosomes of the haploid and dip¬ 
loid series of a species vary in form. Thus the rod-shaped 
dyads in the spermatogonia, when united in pairs in the first 
spermatocyte metaphase, may form rings, crosses, diamonds, 
etc., as in the cells of Chortophaga figured in the present 
paper. 

The rod-shaped chromosome, as is characteristically dis¬ 
played by Mecostethus, has a terminal fiber attachment. This 
is the most common type of orthopteran chromosome. In 
division a rod is split lengthwise, the halves going to opposite 
poles. When the fiber attachment is atelomitic, other forms 
are produced. In the large rings of Circotettix (Carothers, 
’21) the fiber attachment is median, while in the J-shaped 
chromosome it is subterminal on one dyad, terminal on the 
other. 

Further differences in form and an apparent reduction in 
number of the chromosomes are revealed by a study of the 
multiples of Hesperotettix and Mermiria by McClung in 1917. 
In Mermiria a hexad multiple, involving the accessory and a 
large tetrad, produces a J-shaped chromosome. In Hespero¬ 
tettix octad multiples involving two tetrads are formed, pro¬ 
ducing rings or V’s. In both cases the telomitic fiber attach¬ 
ments remain unchanged. With the formation of one, two, or 
three multiples in Hesperotettix, the number of separate ele¬ 
ments in the first spermatocyte may be eleven, ten, or nine, 
respectively, instead of twelve chromosomes. However, it is 
significant that each chromosome of a multiple retains its 
identity and organization in every detail and the reduction in 
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number is only apparent. In comparing chromosome com¬ 
plexes, therefore, it is always necessary to consider their 
history. 

From this brief review' of the character of the chromosomes 
in spermatogenesis compared to their history in oogenesis, it 
is seen that they display constancy in the male and female 
complexes and are strictly comparable. In regard to tlie 
accessory, it may be stated that it is found paired in the 
female germ cells studied and falls among the group of large 
chromosomes. 

SUMMARY 

1. A technicpie is developed for the preparation of grass¬ 
hopper eggs for cytological study. In brief, the eggs are 
fixed in Carnoy-Lebnim and infiltrated with celloidin, in >vhich 
serial sections are made. 

2. Oogenesis from the late ovarian stages to the completion 
of meiosis is studied in Ohortophaga viridifasciata. 

3. The egg nucleus while in the ovary passes through a 
growdh period in which it increases greatly in size and the 
nuclear structures become very diffuse. 

4. Meiosis takes place after oviposition. 

5. In the first maturation early anaphases twelve telomitic 
tetrads are found. All chromosomes have terminal fiber at¬ 
tachments in C. viridifasciata. 

6. Of the two telophase chromosome groups of the first 
maturation, one separates off in the first polar body, the other 
undergoes a second maturation division. 

7. In the second maturation metaphases and early ana¬ 
phases twelve dyads are found. 

8. Of the two telophase chromosome groups of the second 
maturation division, one separates off in the second jiolar 
body, the other forms the egg pronucleus. 

9. The sperm enters the egg near the time of oviposition. 
It becomes embedded in the yolk and forms the male pro¬ 
nucleus. 

10. The male and female pronuclei are later seen embedded 
in a single mass of cytoplasm near the caudal end of the egg. 
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11. In early cleavage, the chromosomes, by their numbers, 
iliffereniiate male- and female-producing eggs. There are 
twenty-three chromosomes in the former and twenty-four in 
the latter. 

12. In early cleavage the chromosomes assume a vesicular 
condition in the telophase, retaining their individual bound¬ 
aries in all stages of interkinesis. 

13. A comparison of the first and second maturation meta¬ 
phase chromosomes of the oocyte with those of the spermato- 
cyle in Ohortophaga viridifasciata shows a similarity in most 
respects. In the female complex of the first maturation there 
are twelve tetrads, while in the male complex there are eleven 
tetrads and one dyad. The latter, or accessory chromosome, 
is unusual in its behavior. 

14. A comparison of the first maturation metaphase chro¬ 
mosomes of (Ohortophaga viridifasciata with those of Circotet- 
tix verrnculatus shows a dissimilarity of conditions with re¬ 
gard to the chromosome forms and numbers. In the latter 
some of the chromosomes are atelomitic and an octad multiple 
is formed. 

15. The dissimilarity of the chromosome conditions in the 
eggs of these two species also obtains for the male germ 
cells. 
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EXPLANATION OF PLATES 

The drawings were made with the aid of a camera lucida^ using a 20 X 
compensating ocular and a Spencer homogeneous immersion 1.8-mm. objective, 
N.A. 30. The photomicrographs were made with a 2-mm. Zeiss objective, N.A. 
40, and a 4 projection ocular. 

All drawings except those noted below w’ere originally magnified 3040 times 
and are reduced to 1520 in reproduction. Figures 1, 2, and 5 are reduced 
to 1013. Figure 41 is reduced to 2533. Figure 3 was magnified 20 times and 
reduced to 7 times; figure 4, 528 times and reduced to 176; figure 6, 840 times 
and reiluced to 280. Tlie photomicrographs were made at a magnification of 
1200 and reduced to 750. 

Figures 21, 22, 23, 28, 46, 47, and 49 are fiom Circotettix and all others from 
(fiiortophaga. 


PLATE 1 

EXPLANATION OP FIGURES 

1 Distal end of an ovarian tubule showing tw’o young oocytes. 

2 An oocyte nucleus ui an egg ready for oviposition. 

3 Diagram of an egg after oviposition. 

4 Micropylar structures in the caudal end of an egg. 

5 An oocyte nucleus in the growth period. 

6 Follicular cells. 
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tXTMAVATlON OF FlOOKES 


7 A i ujiftioiijil s})mn m yii (fig. .'52) 

^ Polnr MOW of a teloj»haH(' of nii early {‘lo.n.'ige cell. 

1) Polar VK'W of a nn‘ta]>lijisc of ;i follu'iihn <'<*11, slio\NJiig tlic full soui.ai u ('om 
}>Iex of Usent.>-four v1ir(Unos<nno». 

P) A fuuctioii.il sjxMiri onilxMldcd ju llie volk (fig. 34). 
n A fliiK'lJonal sjKM'ii) Ijj .hi egg (fig J2). 

12 A non fimel ioiial sperm iu an egg. 

13 An oMujue ^ie\^ ot a met.ipliase fioin a t\No<la> ^‘gg. '*iiou mg l\\ent^> 
foin elironiosomes. 







I‘A)’I.AN VriON OF FlOlfRFS 


14 A frcini n i'(nn d.MV tfrfr sh<n\iiij^ luo]it\ llirt'O <4iroiiH>s(niM*s 

l'>uii(IIo All oliluj'K' \ u'w of .ni JiiiapliaHo, slooMn^j:: iwonlv foiii chioniosoiiK's 
)n o< ('oiiiiig to oai*l) ]iolc. in two soot ions.) 

17 A latora] viow of a tojophaso of an oarl-v oloaxa^c coll. A ]onj,ntinlina) 
split, of some of Iho oliioiiiosonics oau lx* distinguished, 

1'^ A tolopliuse of an eailv oloix igo I'oll. showing only a f«‘VN of tlio oliioniu- 
,s*>ni(‘s. 

Ih A j»io[)hase of Nosxulai i Inoinosoinos in oail\ ••leavago Tlioro aio twt‘nt\ 
four \0Ni<'U*s, a aiol h arc nioia^ lightly stainnig than the others and are poihaps 
tlie sov pair. 

wO As near a n-sting stage as \\as found m eggs of th(‘ in<*oniplefe Mastodeiin 
stage. 






I’l.XTK 4 

1'\V1 \N\riON OK KIOORIS 

‘J1 All oltln|U«*l,N I.iHmjiI \ i(‘\\ oi* ;i uu‘tn]>!i:is(‘ of ilie liisl uiiiTiiiMtioii division, 
showing the full loiujilox. 

L“J The* snino A imrtj;i] i onijilox. 

L’.'J Tlu' sjinu*. A jijirtijil conijiJux. 

L*1 A latornl \ icn of ;m caily anapliaMo of iho fust iii.it iiial ion dnision, sliow- 
ing tho full com plus. 

2” The saino in an ohJopiolv lateral mow. 

2h Tin* hjuiio as figuio ‘J!~> All hut tliroo t»t flu <!\a<ls an* < oniplotoly 
so))a rail'd. 

27 The saino slagi* in pol.ir view, showing the, full t*om])h x. 

28 An early lelophase of the first iiiaturatiou divi.sioT) 

29 All ohlnpiely l.iti'ial view of an eaily anaphase of flie /list maturation 
division, showing the full eomjdex. 

30 The same. 
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.lOMKMIINl', NAHIl 


PLATE 4 
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l‘J.ATE 5 

1AP1AN\T10N OF FKJTKFS 

‘Unnd^lu All (»l)]i(ni(‘ vi(‘\v <if .in enilv of llu^ soianul null unit ion 

diviHion, sliowiii^ ilic full coinjdt'x ((’iit m Iwo sod loius.) 

.‘12 A tciopliJis(‘ of tlic fiist iruitiiial ion diM.sion. (In llio sanit* ogg witli tin* 

s}»orni sliowii in tij;. 7.) 

Il.'t and An (dilujno vh*\\ of a lalo anapliasc of tin* fiitit inatuiation divi¬ 
sion, showing tvv(du‘ dvads jiriMaaMtinjjj to eavli ]Hd<‘. {(*ut in two HOctionH.) 

.'U A t(dopliaa(‘ of tlio tiist in.itniatioii dixision. (In tin* saiin* ogg >\itli the 

sporiii shown in fig. 2.) 

.'io A first mat oral ion Iclopliase. 

An oldKjuc vnuv of an c.iiiv anaphase of tJie second maturation, showing 
tlie full complex. 

.S7and ii7a A lateral view' of the metaphase of the second maturation, sliow’ing 
the first jiol.'ii l>od\. 'fhe full complex is slunvu. (Cut in two Hections.) 

HS An ohlique vh‘w of tin' metaphase of th(‘ second maluration, show’ing 
tlie first polar hod}, (fhit in two sections and onlv one shown.) 

.'ll) The egg jiroiiin lens ami the two fiolar liodies. The first ixilar hod} is 
larger and in a more distant [u‘sitioii from the egg jiroum lens than the second 
polar hodv. 
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l^l.ATK « 

EXrT-.ANAT10N OF EKJURKS 

40 aixl tOn Tlic aixl fomah* i>ioiun*k>i. ((’’iit in twn wcM'tions.) 
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T‘LATE 7 

l< XlMiAXATJON OF FlGTltrS 

41 Earl> nji:ii»]ja8e clir(im(»soiiK‘8 of tlio first ainl second inaturalions: 

K’ows 1 and 12 Oblique views of fiist ooe.vte complexes, 
itow 3 The same in polar view. 

Jiow 4 Ealeral view of the first sperm.alocate complex. 

J?ow n The same in an obliquely polar view. 

l?ows (3 and 7 01)li(pie views of sec'ond oocyte compltx^^s. 

How Oblique* view of a s(‘cond spermatocyte complex with twehe chromo- 
somt'S, 

How 0 The same with eleven chromosomes. 
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(MIHOMOSOMES JN (iliASSIIOPPER K<!(i 

.lOSKl'HINK WlliUIS Mr NAl.U 


PLATE I 


S'? #|4 'tk^H ♦ ♦ 4 

69 jp 

8rf %*« 14^ 
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PLATE 8 

E.SPLANVriOM OP PHOTOMK'KOGRAPIIS 

4il The Di.'ile female ]»r(»nu4*lei. Portions of two vesh'iilar ehromoHonies 

and the lar^’e male pronueh'iis are sliown 40 and 40 a). 

43 A lati'ral mow of a lirst maturation imdaphuHe. 

44 The saint* al a different focus. 

4r> The same as figure 42 at a different focus. 

46 A first maturation early teloidiase^ showing one of the daughter gTou})s 
of chromosomes (lig. 2H). 

47 The sam<* showing the othi'r <]tromosoine group. 

48 A first maturation <*ail\ anaphase, .showing a large tetrad (fig. 24). 

40 A first maturation metaphase, showing three large tetrad rings (fig. 23). 

no A first niaturati(»ii telojdiase (fig. 32). 

51 A teJojih.a.se of tlie second maturation. 

52 A late anaphasi* of the first maturation. 

53 The same at a dilL'rent focus. 

54 The same as figure 42 at a different focus. Portions of six of the vesicular 
chromosome.s of the female pronucleus are visible. 

5t5 A lateral imtaphaai' of the second maturation, showing the dyad character 
of the chromosomes, 

56 The same as figure 55 at a different focus. The first polar body is visible 
in this section. 

57 A functional sperm in an egg (fig. 5). 


92 





TLATK 9 

F.XPLANATTON OF FlIOTOTklirKOOR APJIS 

r)8 Ljiti‘ral vifw of jin earl\ cleavage metapliaae. 

.'ll) The Hame in an ohliqucj \icw in a younger egg (fig. 11). 

(10 All early telo])Jiase of an early cleavage cel), gliowing the vesicular coiuli- 
lion of the chroino.somes. 

fil The same in polar view at a little later stage (fig. 13). 

C52 A lateral \iew of an early telojihase of an early cl(*avagc cell, showing the 
longitudinal split in one of the chromosomes in focus (fig. 17). 

63 Another tcloidiase gioup in which the chromosome split is visible. 

64 A resting stage in which the chiomosomes retain their separate boundaries 
(fig. 20). 

65 Vesicular projihase chromosomes in an egg in the early cleavage stage 
(fig. 1!1). 

66 The same as figuie 65 at a diiferent focus. 
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CHROMOSOMES IN GRASSHOPPER EGf 

.T08EPHINE WIL1.1H M(’ NAUB 



THK EFFECTS OF CERTAIN PHYSICAL AND CHEMI¬ 
CAL FACTORS ON LO(’OMOTION AND OTHERS 
LIFE-PROCESSES IN AMOEBA PROTEUS' 

1). i.. UOl’KINS 

Thf Zoological lAiboratorif of Uu Johns Ilopl'ins Vniifrsily 


>Ol R FlfU’RFS 


Vl’inoii’S AltSTRXOT 

AiiMM-ha ])i<Ut‘Uh vas rai'^rd in a modihi'd and diluD'd RinptT solution When tho yiH 
<»f this eultiir** rnodnini Im'c.iiiio loss than (i D, tho normal a«’tiviti(*s of Iho anioohao woto 
intorfond with, and A%hoij a still lowoi pH was attained, tho amoohao dmd nlT Tht* same 
was true when the jiH hooaiin' ^roalor than KO At lumlralitv th(» activities wore siilinornial. 
M*rj dark, and rounded Tim rate <if hxoinotion of amoebae raised in solutions A\ith a pll 
less than 7 »i showed a maximum rate of locomotion at pH b «>, which de( reused as the 
pH charu^ed in either dinntion, droppinsr to a \eiv low rale at iiH 7 0 and above and also 

lielow b (» For amoi'biie raist'd at a pH abo\e 7 n the rale w^as maximum at iill 7 fi and 

decreased as the ]»H ehaiijred in ether direction, it was low at pH 7 D and below and also 

aboxe S U 

On increasing? the external osmotic pressure of the medium it was found that the 
efTects caused varied 'oniewhat with the hydrogen ion concentration Small increases in 
osmotic prc'ssure decreased the rate from the nnim.ii at pH bO and K 0 increased it at 
pH fib and 7 b and did not affect it at pH 7 b Osmotic pressure's above that iiroduced by 
M 2b lactose eaus*>d locomotion to 'ease in a short tune at all pH values 


1. HYI)KO(4EX-l()N (^ONC^TRATIOX 

INTHOHIH^TTON 

Strong* coriroHl rat ions of either aeids or bases are fatal to 
protozoa. (Villett (’It)) maintains that different acids kill 
various protozoa at a concentration of U.0008 N. or less. The 
results of Woodruff and Bunsel (’09) and of Dale (’IH) on 
Paramoeciiira agree elosely with thovse of Collett and, in addi¬ 
tion, show that alkalies are toxic in approKimalc'ly tlie same 
concentrations as acids. (Wne (’21) finds that paramoocia 
can live twenty-four hours in any hydrogen-ion concentration 
between pll 5.0 and 7.0. Saunders (’24) gives a very limited 
range of liydrogen-ion concentrations within whicli Sxjirosto- 

* This investi^yation was suggested by I^rof. 8. 0. Mast and carried out under 
his direction, lie has also furnished valuable aid in tlie presentation of the 
results. For these favors, I am greatly indebted to him. 
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immi tlirivps and rniilliplips, namely, ])H (i.O to 7.6, with an 
o))1imiim at pIT The same author (’25) maintains that 
paramoeeia adhere to eaeh other, to ^lass, and to dt'du'is more 
r(‘adily in alkaline than in acid solutions, the ojdimum for 
adherence heiniL!: ])H 7.9. Beers (’25) concludes that there is 
no specific relation between the hydro.Gfen-ion concentration 
and encystment in Didinium nasutum, and Kater and Bur- 
rou^»hs (’2()) come to the same conclusion in reference to Poly- 
tomella citri. 

Edwards (’25) found that with amoebae immersed in 
M/50() K(5 local application of weak acid or alkali on the 
anterior surface causes the formation of a protuberance at 
tlie Y)oint of application. Pantin (’25) found that certain 
marine amoebae thrive bestjpn sea-water of ])H 8.2 or there¬ 
about and (’26) that the addition of certain acids to sea-water 
until a pH of 7.0 to 6.0 is attained, or the addition of alkalies 
until a pH of 10.0 is reached, causes movement to cease. Tay¬ 
lor (’24) asserts that Amoeba proteus in acid cultures is 
v'cry clear and in alkaline cultures very dark, that it thrives 
best at a hydrogen-ion concentration of pH 6.6, and that it 
cannot lie raised at a y)IT below 5.0 or above 7.0. 

It therefore appears that tliere is a hydrogen-ion coikmui- 
tration close to neutrality which is optimum for the activities 
of most protozoan forms, and that extreme deviations from 
this concentration in either tlie alkaline or the acid dir(*ction 
are fatal. There apyiears to be much diviu'sity as to the 
exact location of the oyjtimum, it bein^ pH 7.5 for Spirosti- 
mum (Saunders), yjll fJ.o for Amoeba proteus (Taylor), and 
pH 8.2 for marine amoebae (Pantin). In the following* pages 
we shall yiresent results obtained in a detailed investigation 
of the relation of the hydrogen-ion concentration of the sur¬ 
rounding medium to the activities of a fresh-water amoeba. 
Amoeba proteus. 
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MATKRTAL AND MKTHODS 

MafrriaJ 

Amoeba proteiis^ was em])loyed in this work. The stoek 
was derived from eolh'ctioiis made from a small stream near 
the Zoological Laboratory of the .Johns Hopkins Tniversity. 

All chemicals used were specially jiurified by se\(*ral re- 
crystallizations by Hynson, Westcott & Dunning, druggists, 
of Baltimore. The wat(‘r used in making the solutions was 
distilled in an ordinary block-tin still: then redistilled after 
adding II^SO^ and KMn 04 ,; and again after adding Ba(OH)M. 
The redistilling ap})aratus was made entirely of y3yrex glass. 
Tin* water was allowed to drop from the condenser into a 
pyn‘x flask (*xpos(Ml to air fairly free from dust. 

For the det(n*mination of the hydrogen-ion concentration 
a La Motte ai)paratus oB was used. This is a colorimetric* 
apparatus which was devisc^d and described by Brown (’24) 
and perfected by La Motte & (\)., of Baltimore. The special 
features of this apiiaratus are: 1) the color comparisons 
are made* in small glass (*ells of ecpial volume and shape, on 
a white background; 2) the same solution of dye is used in 
the standard bufTers as in the solutions to be tested; 3) less 
than 1 cc. of fluid is recpiired to make an individual test, and, 
4) an individual test can be made in less than two minutes. 

(Uiliure wrthods 

Two distinct methods of culturing amoebae were used. The 
first, culture method A, may be described as follows; A solu¬ 
tion designated modified Ringer solution I was prepared as 
indicated in table L One liter of this solution was then 
poured into a pyrex-glass flask, which Avas placed into a vessel 
containing water and heated until the water in the vessel 
boiled, then 2 grams of short pieces of timothy hay wen* 
added to the solution in the flask, allowed to remain ten min 
utes, after which the source of heat was removed, the hay 
taken from the flask and discarded. When the solution had 

* Tho term Amoelwi proteiis is used in the older sense. 
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cooled, it was poured in equal amounts into ten 100-cc. pyrex- 
^lass flasks, inoculated with organisms (bacteria and Chila- 
monas chiefly) taken from a flourishing amoeba culture that 
had passed through a no. 50 filter-paper, corked tightly with 


TABLE 1 


Modified Binger solution 1. A synthetic solution for culturing Amoeba proteus 


NaCT . 

.1166 

KCl . 

.00466 

CaCla . 

.00400 

KHaPO. 

.06084 

NaHCO, . 

.00660 

Water to 1000 cc. 



gram .002000 mol. 

gram .000063 mol, 

gram .000036 mol. 

gram .000507 mol. 

gram .000790 mol. 


Total 


.003396 mol. 


TABLE 2 

Showing changes in hydrogen-ton potential in culture fluid A, during the first 
nine days after being made up. Note that the cultures turn distinctly aot<2 
on the second and third days and that after that they gradually 
become alkahne 


8UCC£NS1VK 

DAYS 


1 

2 

3 

4 
.5 
6 

7 

8 
9 


OUI/rUBKS 


a 

' b i 

c 

d 

! ^ 

7.5 

1 

1 

7.5 1 

7.5 

7.5 

i 7.5 

6.5 

' 6.3 j 

6.5 

6.4 

1 6.3 

6.9 j 

6.7 1 

6.7 

' 6.8 

1 

7.1 

7.0 

7.1 

1 7.1 

7.0 

7.2 

7.2 1 

7.2 

7.2 

7.2 

7.4 

7.4 

7.3 

7.3 

7.3 

7.4 

7.4 j 

7.4 

7.4 

7.4 

7.6 

7.6 1 

7.6 

7.6 

7.5 

7.8 

7.6 ! 

1 

7.6 

7.6 

7.6 


cotton, and allowed to stand for a week or more. During this 
time the fluid first becomes acid, then alkaline. The changes 
in acidity and alkalinity observed in five different cultures 
of this kind are given in table 2. These changes are typical 
for all fresh cultures made by this method. When the hydro¬ 
gen-ion concentration desired was attained by cultures in 
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their return to alkalinity, they were inoculated with amoebae. 
Then each day fresh culture fluid, made up in the same fashion 
as the original, was added in such quantity that the tendency 
of the fresh fluid to become acid neutralized the tendency of 
the cultures to become alkaline.® 

It was found that in this way a fairly constant hydrogen- 
ion concentration could be maintained. If a concentration 
below j}lJ 7.0 is desired, it can be obtained by adding a con¬ 
stant amount of fresh fluid each day,^ but if a concentration 
above pH 7.0 is desired, it was found that the amount of 
fresh fluid added each day had to be varied considerably. In 
table 3 are recorded the results of four attempts to maintain 
a constant hydrogen-ion concentration, two at pH 7.5, cul¬ 
tures E and R, and two at pH 6.8, cultures B17 and (?20. 
Owing to the fact that the food supply was not sufficient and 
too variable, this method was not successful in raising 
amoebae when the hydrogen-ion concentration was maintained 
above 7.0. Culture method A was, therefore, used only to 
culture amoebae on the acid side of neutrality. Amoebae 
raised by this method will be referred to in the following 
pages as ‘acid amoebae.’ 

The second method of culturing amoebae, culture method 
B, was extremely simple, and may be descri])ed as follows: 
Modified Ringer solution I was poured into a finger-bowl and 
a few stems of timothy hay, about 1 cm. long, added. This 
fluid first slowly becomes slightly acid and then alkaline. 
When pH 7.5 to 7.7 is attained, the alkaline and the acid ten¬ 
dencies generally come to an equilibrium automatically. When 
this hydrogen-ion concentration was attained, the cultures 
were inoculated with amoebae. Amoebae flourish well at pH 
7.5 to 7.7 in these cultures. This method was, therefore, used 
for culturing amoebae on the alkaline side of neutrality. 
Amoebae raised in this culture fluid will be called ‘alkaline 
amoebae.’ 

• The volume was xnaintained constant by pouring out at the same time old 
culture fluid. 

* Slight variation in the area of the surface exposed so as to vary the rate 
at which CO, escaped was occasionally necessary. 
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BELATION BETWEEN THE HYBBOGEN-ION CONCENTRATION AND 
THE CULTURE OF AMOEBA PROTEUS 

We shall now describe two experiments which bring out 
clearly the relation between the hydrogen-ion concentration 
and the culture of adult Amoeba proteus in modified Einger 
solution T. The results obtained in these experiments are 
typical examples of what was repeatedly observed. 

In the first experiment an acid culture was taken in which 
the hydrogen-ion concentration had been maintained at pH 


TABLE 3 

Showing changes in hydrogen-ion potential for twenty-two miceessive days in 
too cc, of culture fluid J, to which a certain amount of fresh 
culture fluid A was added dail^t 



aj 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 


CVLTITRKS 


pH 

E ' 

Amount ^ 
culture I 
added in cc. I 

; 

pH 

R 

! Amount 
! culture 

I added in cc. 

j pH 

B 17 

Amount 

1 culture 
, added in cc. 

! 

pH 

C 20 

1 Amount 
i culture 

1 added in cc. 

7.8 


i 

8.0 

8.0 


I 

■ 6.9 

10 


6.9 

! 

i 10 

7.8 

7.5 


7.9 

15.0 


6.7 

10 


6.7 

10 

7.5 

0.0 


7.5 

10.0 


6.7 

10 


6.9 

10 

7.7 

3.5 


7.4 

5.0 


6.9 

■ 10 


6.9 

10 

7.7 

7.0 

' 

7.5 

5.0 


6.8 

10 


6.7 

10 

7.7 

J 5.0 


7.5 

5.0 


6.8 

10 


6.6 

10 

7.4 

5.0 

' 

7.5 

5.0 


6.8 

10 


6.8 

10 

7.4 

5.0 

i 

7.5 

5.0 


7.0 

10 


6.8 

10 

7.5 

3.0 


7.5 

5.0 


6.8 

10 


6.8 

10 

7.5 i 

4.0 


7.5 i 

5.0 


1 6.8 1 

10 


! 6.8 

10 

7.4 

2.0 


7.6 j 

8.0 


6.7 1 

10 


j 6.7 

•10 

7.6 

3.0 

' 

7.2 

0.0 


; 6.7 i 

10 


1 6.8 

10 

7.5 

3.0 

i 

7.5 

3.0 


i 6.8 ' 

10 


6.7 

10 

7.5 

1 3.0 

' 

7.5 ! 

4.0 


! 6.8 1 

10 

i 

i 6.7 

10 

7.5 

3.0 

1 

7.5 

3.0 


i 6.8 

10 


6.8 

10 

7.5 

3.0 

1 

7.5 

5.0 


1 6.8 

10 


: 6.8 

10 

7.5 

3.0 

1 

7.5 

4.0 


! 6.8 

20 


6.8 

1 10 

7.4 

3.0 

1 

) 

7.5 

3.0 


! 6.8 

1 


6.6 

10 

7.4 

' 2.0 

1 

7.5 1 

3.0 

! 

1 6.7 

10 


6.7 1 

10 

7.5 

; 3.0 

1 



i 

1 6.8 

10 


6.8 

10 

7.4 

2.0 

i 



i 

1 6.7 

10 


6.7 1 

10 

7.5 

3.0 

1 


I 


6.8 

10 


6.8 

10 


I 
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6.6 to 6.8 (definitely acid) for two weeks or more. The 
amoebae were in adult condition, multiplying rapidly by fis¬ 
sion. The surface of the culture was now increased and a 
few short stems of hay were added to it. In a short time the 
alkalinity began to increase slowly, and as it increased, the 
amoebae gradually became dark and more sluggish in their 
movements. When the pH reached 7.2, all had become very 
dark and nearly spherical and they seemed to have decreased 
considerably in number. As the increase in alkalinity con¬ 
tinued, the condition of the amoebae began to improve. When 
pH 7.4 was reached, nearly all were again normal in appear¬ 
ance, moving about and feeding actively; but when pH 7.8 
was readied, they had again become dark and sluggish, 
though not spherical. Later, when pH 8.5 had been obtained, 
the amoebae had disappeared. 

In the second experiment an alkaline culture was selected 
in which the pH had been maintained at 7.5 to 7.7 for two 
weeks or more. The amoebae were in adult condition and 
they were multiplying rapidly by fission. In this experiment 
fresh culture fluid was added each day in such amounts that 
a gradual decrease in alkalinity was obtained. The changes 
in the amoebae were essentially the same as those observed 
in the first experiment. As the alkalinity decreased to pH 7.2, 
the amoebae became more and more opaque and more and 
more sluggish in their movements. When it reached pH 7.0, 
most of them had become very dark and nearly spherical. 
As the decrease continued to pH 6.8, they again became active 
and began to multiply. The pH was held now at 6.8 for three 
weeks. During this time the amoebae were active and they 
became large and abundant. Finally, the acidity was slowly 
increased from pH 6.8 to 6.0. During this time the amoebae 
gradually decreased in number until all disappeared after the 
hydrogen-ion concentration reached pH 6.0. 

These results seem to indicate that the modified Ringer 
solution used is optimum for growth and reproduction in 
Amoeba proteus when the pH is 6.6 to 6.8 or 7.5 to 7.7; that, 
if the solution is at or near neutrality, it causes striking 
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changes in the physiological conditions which apparently are 
detrimental to the life-processes, and that strong acid and 
alkaline solutions are unfavorable. 

BELATION BETWEEN HYDROGEN-ION CONCENTRATION AND BATE 
OF LOCOMOTION IN AMOEBA PROTEUS 

To ascertain the effect of any given factor on the rate of 
locomotion in Amoeba, it plainly is necessary to vary this 
factor in a known way without varying any other factors. 
This cannot be accurately done in culture fluids, for the com¬ 
positions of such fluids are not accurately known. For this 
reason, all of the observations on the rate of locomotion were 

TABLE 4 

Modified Uinger solution II. A synthetic solution used to ascertain the relation 
between the rate of locomotion and hydrogen-ion concentration 
in Amoeba proieus 

NaCl .11660 gram . 

KCl .00466 gram . 

CaOlj .00600 gram . 

KHjPO^-KOH buffer 50 cc. of M/20 solution. 

Water to 1000 cc. 

Hydrogon-ion concentration depends upon the ratio of 
KHaP04-KOH added. 

Total.004617 mol. 

made in a balanced salt solution in which amoebae live and 
move readily. This solution will be designated ‘modified 
Einger solution II.’ Its composition is given in table 4. It 
differs from culture fluids A and B as follows: 1 ) Sodium 
bicarbonate is eliminated. 2) The phosphate buffers are 
more concentrated, and the hydrogen-ion concentration is ad¬ 
justed as desired by adding KOH to KH 2 PO 4 . 3) The CaClj 
content is one and one-half times as high. 4) It contains no 
hay abstract. 5) The molecular and the osmotic concentra¬ 
tions are, respectively, 0.001210 mole and 0.001283 mole 
greater, not taWng into consideration the hay abstract. The 
differences referred to under (5) are, however, at least par¬ 
tially eliminated by the substances extracted from the hay. 


.002000 mol. 
.000063 mol. 
.000054 mol. 
. 00250 mol. 











LOCOMOTION IN AMOKBA PROTEUS 


105 


Modified Einger solution IT was made up in the following 
manner: 1) A stock solution containing CaCl 2 , NaCl, KCl, 
each thirty times as concentrated as indicated in table 4, was 
made up. 2) A series of jjhosphate buffers of different hydro¬ 
gen-ion concentrations were made up according to Clark 
(’22), with the exception that KOII was used instead of 
NaOH\ 3) Then 3.33 cc. of the first solution and 5.00 cc. of 
a buffer solution having the desired hydrogen-ion concentra¬ 
tion were put into a 100-cc. volumetric flask and water added 
to make 100 cc. In this w^ay modified Ringer solution II can 
be made with any hydrogeii-ion concentration desired within 
the range covered by these buffers, and with the acidity and 
alkalinity as the only essential variables. 

The effect of varying the pH on the activities of Amoeba 
was ascertained by the use of modified Ringer solution II 
as follows: 

An individual test consisted in removing a well-fed amoeba 
from a culture, transferring it through three changes of 
modified Ringer solution 11 with the desired hydrogen-ion 
potential, allowing it to remain fifteen minutes in the last for 
adjustment, and then obtaining the rate of monopodal loco¬ 
motion by projecting, with a camera lucida, the imago of 
the individual under observation onto a record sheet and 
at minute intervals making sketches of the posterior end. 
The distance thus obtained was 131 times the actual distance 
the amoeba traveled. 

All experiments were carried out in a dark room at tem¬ 
peratures between 21° and 24° C. 

The effect of the hydrogen-ion concentration on acid 
amoebae raised in culture fluid A and alkaline amoebae 
raised in culture fluid B was investigated as follows: 
Amoebae were taken from each of two cultures: one which 
had been at a hydrogen-ion concentration of pH 6.6 to 6.8 
for two weeks or more, and another which had been at one 

•Clark’s procedure is to add to 50 cc. of M/5 KHjPO*, M/5 NaOH, until 
the desired pH is obtained and then to dilute to 200 cc. with distilled water. 
The resulting molecular concentration of the buffer phosphates is M/20. 
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of i)H 7.5 to 7.7 the same length of time. The acid culture 
was treated in such a way as to produce an increase in the 
hydrogen-ion concentration to pH 7.0, and the alkaline culture 
in such a way as to produce an increase to 7.2. Both were 
held at these concentrations for two days, then the amoebae, 
one at a time, were transferred to each of a number of dishes, 
each containing modified Ringer solution II, which differed in 
hydrogen-ion potential from that in the others. Observa¬ 
tions were now made on the form and rate of locomotion in 
these solutions as previously described. In this way the 
average rate of locomotion for five acid amoebae for fifteen 
minutes each was ascertained in modified Ringer solution II 
with each of the following hydrogen-ion concentrations: 6.0, 
6.6, 7.0, 7.2, aiid 7.6; and for five alkaline amoebae each with 
each of the following hydrogen-ion concentrations: 8.0, 7.6, 
7.2, 7.0, and 6.6. Observations were not made later than two 

TABLE 6 

Relation between the rate of locomotion in add and alkaline amoebae and 
hydrogen-ion concentration. Temperatures^ 2J to S4**C. A, acid 
amoebae; alkaline amoebae 




HYDROOBN-ION i 

OONCBNTRATION 


SHKCIMEN 

— - 

1 

1 

. - - 

-f— 



6.0 

; 6,6 

1 

1 7.0 

i 

i 7.6 

1 

I B.O 

! 




Bate of locomotion 



A 1 

1,50 

2.02 

1 

i ,81 

.96 

' .97 


A 2 

1.57 

1.60 

i .81 

.83 

j .78 


A 3 

1.51 

2.04 

• .94 

.92 

i .89 

; , 

A 4 

1.42 

1.63 

1 .82 

3.13 



A 5 

1 3.76 

1.36 

! .91 

1 

.97 


1 

Average 

j 1.56 

1.73 

1 — 

1 .86 

.94 

.88 

j 

B 1 


,77 

; 1.10 

j 

1.53 

1.72 

B 2 



i .64 

.97 

1.54 

1.70 

B 3 1 



1 .60 

.96 

1.75 

1.54 

B 4 



.68 

1.04 

1.88 

1 1.99 

B r> I 



1 .86 

.90 

1.66 

1 

1.75 

Average 


.77 

.77 

.97 

1.67 j 

1 

1.75 
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hours after the amoebae were placed into a given solution, 
and each amoeba was used in only one solution. 

The results obtained are presented in table 5 and figures 1 
and 2. By referring to table 5 and figure 1, it will be seen 
that for amoebae from the acid culture, beginning at a 
hydrogen-ion concentration of pH 6.0, the rate of locomotion 
increased to a maximum at 6.(5, then fell abruptly to a mini¬ 
mum at 7.0, after which it remained nearly constant; while 
for amoebae from the alkaline culture, beginning at a 



Fig. 1 Curves, showing the relation between rate of locomotion in Amoeba 
proteus and hydrogendon potential. ©, amoebae from acid cultures; amoebae 
from alkaline cultures. Bate of locomotion in terms of centinieters per minute 
times 131 plotted as ordinates, hydrogen-ion potential plotted as abscissas. 
The portions of the curves below, pil 6.0, and above, pH 8.0, are hypothetical. 


hydrogen-ion concentration of pH 8.0, the rate was at a maxi¬ 
mum, then dropped to a minimum at 7.2, after which it re¬ 
mained nearly constant. It is therefore evident that the 
elfect of the hydrogen-ion concentration depends upon the 
constitution of the culture in which the amoebae have been 
grown. If the culture is alkaline, the maximum rate of loco¬ 
motion is on the alkaline side of neutrality, and if it is acid, 
the maximum rate is on the acid side; neutrality appears to 
be unfavorable, no matter whether the amoebae were grown 
in acid or alkaline cultures. 
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The diagrams in figure 2, A, represent degree of opacity, 
general form, and appearance typical of amoebae in the dif¬ 
ferent solutions. The forms assumed by acid amoebae at 
pH 6.0, were almost exclusively monopodal and cylindrical. 
The same statement holds for alkaline amoebae at pH 8.0. 



.pBU jjm jHU 



Fig. 2 Diagrams showing the form, the degree of opacity, and the typo of 
locomotion of amoebae in modified Binger solution II. A, acid amoebae in 
pH 7.1, 6.6, and 6.0, and alkaline amoebae in pH 7,1, 7.6, and 8.0, B, successive 
forms assumed by acid and alkaline amoebae at pH 7,1. a, immediately after 
transfer to the solution; b, ten to fifteen minutes later; e, final form. 


In pH 6.6 acid amoebae are very fluid and the protoplasm 
flows in broad streams. The same is true of alkaline amoebae 
in pH 7.6. At pH 7.0 both acid and alkaline amoebae were 
nearly spherical and apparently fluid; the supporting struc¬ 
ture evidently had almost, if not entirely, broken down. 

If either acid or alkaline amoebae are placed in modified 
Binger solution II of pH 7.1 and left a sufficient length of 
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time, they tend to become spherical and lose almost entirely 
all evidences of life. Shortly after being placed in this solu¬ 
tion, they assume almost a spherical form, with the exception 
that numerous, short, slender pseudopods protrude in all 
directions. On remaining in the solution, they resume loco¬ 
motion again, but, as time passes, they become lobose and 
darker in color, and then nearly spherical and very dark (fig. 
2,B). 

The time that amoebae must remain in modified Binger 
solution II of pH 7.1 before a spherical form is assumed 
varies greatly. In the preceding experiments the time re¬ 
quired in amoebae from both cultures, acid and alkaline, was 
two or three hours, but it will be remembered that the cultures 
from which these amoebae came were brought to a pH of 7.0 
to 7.2 two days before the experimenls were performed. If 
amoebae are taken from an acid culture, pH 6.8, and placed 
directly in this solution, it requires five or six hours, but 
amoebae from alkaline cultures, pH 7.6, require from ten to 
twenty-four hours, l^he length of time required seems to 
depend upon the composition of the culture media from which 
the amoebae come. 

The question now arises as to whether the amoebae that 
have almost lost their power of locomotion in a solution of 
pH 7.1 regain it if they are put into a solution having a 
higher or lower hydrogen-ion concentration. 

If amoebae are taken from an alkaline culture, pH 7.6, and 
placed in a solution of pH 7.1, left until locomotion has all 
but ceased and then placed into a solution of either pH 8.0 
or 6.0, there is an immediate resumption of locomotion. If 
amoebae from an acid culture, j)H 6.8, are treated in like 
manner, then placed in a solution of pH 6.0, there is a marked 
increase in the rate of locomotion; but, if they are placed in 
a solution of pH 8.0, no perceptible increase occurs. 

Examples may be cited: 1) Two amoebae from an alkaline 
culture, pH 7.6, were placed in modified Binger solution II, 
pH 7.1, the rate of locomotion in each was less than 0.5, One 
of these amoebae was then placed in a modified Binger solu- 
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tioii II, pH 8.0; in ten minutes the rate was 1.55. The other 
amoeba was placed in a modified Ringer solution II, pH 6.0; 
in a few minutes it attained an average rate of 2.40. 2) Two 
amoebae from an acid culture, pH 6.8, were placed in modified 
Ringer solution II, pH 7.1, and left until the rate of locomo¬ 
tion decreased to 0.5 or less. One of these was then trans¬ 
ferred to modified Ringer solution II, pH 6.0; the rate in¬ 
creased gradually to 2.86. The other amoeba was transferred 
to modified Ringer solution II, pH 8.0; no increase in rate of 
locomotion took place. 

In table 6 the results of a number of similar experiments 
are brought together. Acid and alkaline amoebae were placed 
in modified Ringer solution II, pH 7.1, left there until loco¬ 
motion had decreased to 0.5 or less; then they were trans¬ 
ferred to modified Ringer solution II, pH 6.0, 6.6, 7.6, or 8.0, 
as indicated in the table. Each value in the table is the 
average rate per minute obtained for five minutes of mono- 
podal locomotion of one amoeba. 

These results indicate very clearly that the activities of 
amoebae in modified Ringer solution II, pH 7.1, are definitely 
depressed, and that this depressing effect, if it is not very 
great, is removed, partially at least, by increasing either the 
hydroxyl or the hydrogen-ion concentration. 

Can the depressing effect be removed by the same means 
if it continues until locomotion has ceased entirely? 

Atlempts were made with both acid and alkaline amoebae 
to answer this question, and it was found that if the amoebae 
which have come to rest in modified Ringer solution II, pH 
7.1, are transferred to one of pH 8.0, locomotion is not re¬ 
sumed, but that if they are transferred to one of pH 6.0, 
it is resumed, provided that they are transferred not later 
than two days after locomotion has ceased. If transferred 
later than this it is not resumed in any solution. 

The effect of locally increasing or decreasing the hydrogen- 
ion potential was studied in the following manner: A small 
drop of modified Ringer solution II, pH 7.1, containing an 
amoeba which had ceased to move altogether, was placed on 
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the bottom of a dry and chemically clean Syracuse watch- 
glass. Near this drop was placed a drop of modified Ringer 
solution II, pH 6.0 or 8 . 0 . Then with a clean needle a narrow 

TABLE 6 

delation between rate of locomotion nn^ hydrogen-ion concentration in acid and 
allcaHnc amoebae which had been subjected to modified Ringer solution IT^ 
pH 7,1 until locomotion had dropped to a rate below 0.5^ and then transferred 


to solutions with higher or 

lower pU. Temperature 21 to 24°C. 


1 


IIYDKOUKN-ION CONCBNTRATION 


8I*KC1MKN 


- - 1 , 



6.0 

6.6 j 7.6 ! 

* 8.0 

Alkahno amoebae ; 


Rate tif locomotion 


1 

2.30 

1.15 ; 2.10 

1.80 

2 

3.03 

1.16 ' 1.70 

1.70 

3 

3.32 

1.80 2.40 

1.70 

4 


1.80 2.80 

1.50 

5 



1.40 

f) 



1.48 

7 



1.59 

8 


' 

1.36 

9 



1.16 

10 



1.36 

Average 

2,59 

1.48 , 2.25 

1..50 

Aeid amoebae ' 


i 


1 

2.50 

1 

0 

2 

2.12 

1 

0 

3 

2.04 

' 

0 

4 1 

1.32 

1 


5 ; 

1.32 



A verage 

1.86 


0 

,. __ at ' 

_ 




projection of fluid was drawn out from each drop toward the 
other until they nearly touched; then the amoeba in the drop 
was brought up against the surface layer at the end of the 
projection, after which the two projections were united. As 
soon as the modifled Einger solution II, pH 6.0 or 8.0, came 
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in coni act with the amoeba, a pseudopod was thrown out in 
the direction of contact. This reaction is remarkable in that 
it is caused both by an increase in either hydrogen- or 
hydroxyl-ion concentration, the solutions in the drops being 
otherwise identical. Edwards (’23), as stated previously, 
obtained the same for local increase in acids or alkalies on the 
surface of amoeba. 


DISCUSSION 

Our results in culturing amoebae on the acid side of neu¬ 
trality agree essentially with those of Taylor (’24), who 
found that Amoeba proteus used in her investigations thrived 
best at a pH of 6.6, that a rise in pH to 7.0 or above caused 
a depression in the rate of growth and in the activities of 
the amoebae, and that she was unable to culture them suc¬ 
cessfully at pH 7.0 or above. The results presented above 
demonstrate, however, that Amoeba proteus can be success¬ 
fully cultured at pH 7.6 as well as at pH 6.6. She probably 
had conditions similar to ours; that is, rather concentrated 
salt solutions compared with those in which Amoeba proteus 
generally lives. Consequently, when her amoebae were forced 
to go through neutral conditions the depressing effect which 
we have observed was experienced, resulting in a dark, 
rounded, and sluggish condition. Her failure to obtain 
growth on the alkaline side of neutrality was probably due to 
insufScicnt time for adjustment. 

The results presented above indicate that the rate of loco¬ 
motion of Amoeba proteus depends upon the hydrogen-ion 
concentration in the same way as the metabolic activities. 

The question now arises: is there any explanation for the 
fact that both acid and alkaline amoebae do not thrive or 
locomote well at neutrality! It may be associated with the 
peculiar properties of water at neutrality. Again, it may be 
that the iso-electric condition of some important protein in 
amoeba occurs at this point, resulting in the inactivation of 
this protein and thus causing the depression observed. Or 
it may be that in salt solutions, such as the ones used above. 
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attachment of the amoebae to the sul)Btratum is hindered at 
neutrality, owing to an unfavorable electrical condition exist¬ 
ing between the amoebae and the glass or between the amoebae 
and the water. 

TI, OSMOTIC PRESSURE 

INTRODIK^TION 

Very little work has been done on the problem of the rela¬ 
tion between external osmotic pressure and the rate of loco¬ 
motion of Amoeba* Mast (’23, ’26) appears to hold that the 
cell contents in Amoeba are hypertonic resulting in turgidity, 
and that, when there is no movement, the elastic strength of 
the plasmagcl and the yilasmalemma plus the external osmotic 
pressure equal the internal osmotic pressure. He also holds 
that the outward pressure exerted by the hypertonicity of the 
cell contents gives rise to the formation of a pseudopod if 
the elastic strength of the plasmagel is locally reduced and 
implies that locomotion is related to the water content. If 
this is true there should be a specific relation between rate of 
locomotion and external osmotic pressure. 

Pantin (’23) observed in a species of marine amoebae that 
mox’^ement is impossible in concentrated and in diluted sea¬ 
water, and he concludes that high and low external osmotic 
pressures inhibit locomotion. He did not, however, make 
detailed measurements covering the relation between the con¬ 
centration of the sea-w’ater and the rate of locomotion, and 
he did not exclude the possibility of effects other than osmotic 
pressure in the dilute and the concentrated sea-water used. 

Tlie specific relation existing between locomotion in 
Amoeba and osmotic pressure, then, has been defined only in 
an indefinite and unsatisfactory way. It was to clear up this 
important problem that the experiments described in the fol¬ 
lowing pages w^ere undertaken. 

MATERIAL AND METHOD 

The relation between external osmotic pressure and the rate 
of locopQotion in Amoeba proteus was ascertained as follows: 
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Lactose® was added to three portions of modified Ringer solu¬ 
tion II of a given hydrogen-ion potential until the molecular 
concentrations of lactose in the three portions were: M/40, 
M/20, and M/10, respectively. About twenty-five amoebae 
were taken from a culture, passed through three changes of 
modified Ringer solution II with the desired hydrogen-ion 
concentration (without lactose) and allowed to remain for 
fifteen minutes in the last, after which the rate of locomotion 
was ascertained as described above.* Then about one-fourth 
of these amoebae was put into each of three Syracuse watch- 
glasses full of Ringer solution II containing lactose, M/10, 
M/20, and M/40, respectively, and the remaining one-fourth 
was left as a control in the solution without lactose. 

The dish containing M/10 lactose was now selected and the 
rate of locomotion of amoeba in this solution recorded for 
five minutes. This was then repeated for an amoeba in the 
M/20 and M/40 lactose solutions, respectively, after which it 
was successively repeated for each of the three solutions for 
two hours. At the end of this time, the four watch-glasses 
were covered and placed in a moist chamber. The amoebae 
were then transferred every few hours to fresh solutions to 
prevent error due to excessive fermentation and evaporation. 
During the following two days at various intervals observa¬ 
tions were made on the rate of locomotion of the amoebae in 
the four watch-glasses. 

This experiment was repeated with acid amoebae in each 
of the three concentrations of lactose in modified Ringer solu¬ 
tion II at pH 6.0, 6.6, and 7.1; and with alkaline amoebae in 
the same concentrations of lactose at pH 7.1, 7.6, and 8.0. The 
results obtained are presented in figures 3 and 4. 

By referring to figure 3, the following will be seen: 

The rate of locomotion of acid amoebae in the modified 
Ringer solution at pH 6.0 and of alkaline amoebae at pH 8.0 
varies inversely with the concentration, clearly indicating 
that it is specifically related to and varies directly with the 
water content of the amoebae. 

* Lactose was used because it is non’toxie, a non-electrolyte, a substance of 
large molecular weight, and a sugar which is fermented only by Bacterium coli. 
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In the solutions at pH 6.6 and 7.6 the rate of locomotion of 
acid and alkaline amoebae evidently does not vary inversely 
with the concentration, there beinj?, during tlie first three 



Fig. 3 Showing, graphically, the relation between tlie rate of locomotion and 
concentration of lactose in modified Einger solution II. The rate of locomotion 
is plotted as ordinates and the time as abscissas. ©, control (modified Einger 
solution II); □, M/40 lactose; A, M/20 lactose; X, M/10 hictose. A, B, C, 
acid amoebae; C, D, E, alkaline amoebae. 
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hours, a marked increase in rate of acid amoebae in M/20 
lactose at pH 6.6, and of alkaline amoebae in M/40 lactose at 
pH 7.6. These facts seem to contradict the conclusion that 
the rate of locomotion is specifically correlated with the water 
content in Amoeba. This is, however, not necessarily true. 
In the Ringer solution without lactose the rate of locomotion 
as indicated in figure 1 is considerably higher for acid amoe¬ 
bae at pH 6.0 than at pH 6.6, and somewhat higher for alka¬ 
line amoebae at pH 8.0 than at 7.6. If it is assumed that the 
water content of acid amoebae at pH 6.0 and of alkaline amoe¬ 
bae at pH 8.0 is optimum and that at 6.6 and 7.6, respectively, 
it is supra-optimum, resulting in more rapid locomotion at 
pH 6.0 and 8.0 than at pH 6.6 and 7.6, then the increase in rate 
of locomotion of acid amoebae at 6.6 and of alkaline amoebae 
at 7.6 after the addition of lactose is precisely what W’ould 
be expected, provided the rate is specifically correlated with 
the water content. If this conclusion is valid, obviously the 
addition of lactose to the Ringer solution at pH 6.6 and 7.6 
should cause an increase in the rate of locomotion, no matter 
how much or how little is added. The graphs in figure 1 indi¬ 
cate, however, that there was no increase in M/10 lactose at 
pH 6.6 and in M/10 and M /20 at pH 7.6. This does not, how¬ 
ever, demonstrate that there was no increase, for no observa¬ 
tions were made until after the amoebae had been in the solu¬ 
tion fifteen minutes. It may, therefore, well be that there 
was an increase in rate in these solutions before the observa¬ 
tions were made, and, if this is true, the results support the 
conclusion that the rate of locomotion in Amoeba is specifi¬ 
cally correlated with the water content. 

In the modified Ringer solution at pH 7.1 in both acid and 
alkaline amoebae locomotion ceased before lactose, was added 
and was not resumed upon addition of lactose in any con¬ 
centration. This can be explained by assuming that the water 
content of both acid and alkaline amoebae in modified Ringer 
solution II at pH 7.1 is below optimum and that the addition 
of lactose consequently augments the unfavorable conditions. 
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While in any solution amoebae will assume a variety of 
forms, there is a distinct tendency in each solution to assume 
some particular shape which might be called the typical form 
for that solution. 

In figure 4 we have presented sketches of the typical form 
for each of the above concentrations of lactose in modified 


Af/^0 ^/jo 




Fig. 4 Sketches showing diagramatically the relation between the effects of 
osmotic pressure upon the form of acid and alkaline amoebae and the hydrogen- 
ion concentration. pH 6.0, 6.6, 7.1, acid amoebae; pH 7.1, 7.6, 8.0, alkaline 
amoebae. 
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Einger solution II of the different hydrogen-ion concentra¬ 
tions. From these sketches it will be seen that in solutions 
in which high rates occurred, monopodal or nearly monopodal 
forms prevailed, and that, where low rates occurred, multi- 
podal or rounded forms dominated. 

SUMMABY 

1. Form, consistency, rate of growth, rate of multiplica¬ 
tion, and rate of locomotion in Amoeba proteus depends upon 
the hydrogen-ion potential of the solution in which it is im¬ 
mersed. The rate of growth, multiplication, and locomotion 
are, under certain conditions, maximum at pH 7.6 and, under 
others, at pH 6.6, and minimum at pH 7.1. 

2. Amoebae are usually monopodal in modified Ringer so¬ 
lutions, pH 6.0 and 8.0, and become more and more multipodal 
and lobose toward neutrality, until they reach pH 7.1, where 
they become nearly spherical. 

3. If amoebae from alkaline cultures, pH 7.6, which have 
nearly ceased locomotion in modified Ringer solution, pH 7.1, 
are put into this solution at pH 6.0 or 8.0, locomotion imme¬ 
diately increases. In amoebae from acid cultures, this is true 
only in hydrogen-ion concentrations below pH 7.1. 

4. When amoebae from alkaline cultures, pH 7.6, or acid 
cultures, pH 6.8, are allowed to come in contact locally with 
modified Ringer solution of a higher or lower hydrogen-ion 
concentration, there is an immediate response in the form of 
rapidly throwing out of a pseudopod in the direction of the 
contact. 

5. The rate of locomotion in Amoeba depends upon the 
osmotic pressure of the surrounding medium. 

6 . There is an optimum external osmotic pressure for loco¬ 
motion in Amoeba which varies with the hydrogen-ion con¬ 
centration. The optimum external osmotic pressure for loco¬ 
motion at pH 6.0 or 8.0 is lower than it is at either pH 6.6 
or 7.6. 

7. The rate of locomotion in Amoeba seems to be dependent 
upon the water content. 
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8. It appears that the water content of Amoeba is in some 
way dependent upon the hydrogen-ion concentration of the 
surrounding medium. 
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author’s abstract 

An histological and cytological study of the postembryonic history of the fat>body in 
Pteronidea ribesi (Scopoli) and Diphadnus appendiculata (Hartig) (both Tenthredinidae) 
and in Macrocentrus ancylivora Rohwer (Ichneumonidse). 

The two principal components of the fai*body are the urate-storing excretory cells and 
the fat-cells. 

The development and behavior of the excretop^ cells, especially during the metamor¬ 
phosis, are described, and in Pteronidea their origin is traced to leucocytes which have 
become associated with the fat-cells. 

In the albuminoid inclusions found in the fat-cells two types of substance are dis¬ 
tinguished: a) a basophile material, of nuclear origin, which appears only during the 
metamorphosis; h) an acidophile material which appears already during the early larval 
stages in Macrocentrus, but in Pteronidea is formed only during the metamorphosis and in 
association with the basophile material. It is thus found that albuminoids formed slowly 
during larval life may exist from the beginning in the form of acidophile spheres, as occurs 
in Macrocentrus. But those formed rapidly during the metamorphosis, in all the forms 
studied, are formed in association with a basophile material derived from the nucleus. 

The significance of intracellular changes during the metamorphosis is discussed, and 
the final disposition of the cell inclusions as well as of the fat-cells themselves is described. 
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INTRODUCTION 

In the mature larva of holometabolic insects the fat-body 
is, as regards bulk, the dominant tissue in the body. The 
larva which has thus become largely an accumulation of 
reserve materials is not merely an immature form of the 
imago, but is a form which has acquired, caenogenetically, 
a number of adaptations not present in the imago. These 
newly acquired organs, which the larva possesses in addition 
to the imaginal organs that may be already developed, or 
present in the form of anlagen, adapt the larva to a life 
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under entirely different conditions from those encountered 
by the imago. Being purely larval organs, they must be con¬ 
sidered as having been acquired by the larva independently 
of imaginal structures. The larva has in this way developed 
into a very efficient accumulator of reserves which are stored 
in a readily convertible form, and it is at the expense of these 
reserves that the imaginal organs, whose development has 
been suppressed during larval life, rapidly develop during 
the resting stage which intervenes bc^fore the emergence of 
the imago. 

These reserves are present x>artly in the form of variously 
specialized larval tissues such as the larval muscles, hypo- 
dermis, alimentary epithelium, malpighian tubes, glands and 
nerve cells, all of which are more or less completely rejilaced 
during the metamorphosis by newly formed imaginal tissues. 
However, the greatest mass of reserve material is repre¬ 
sented by tlie fat-body, in the cells of which accumulate large 
amounts of fat and other reserves that are subsequently 
transformed within the cells and used in the histogenesis of 
the imaginal organs. The processes involved and the mechan¬ 
ism of the transformation of the larva into the imago are as 
yet imperfectly understood, so that, in spite of many arduous 
investigations upon the nature of the internal changes in¬ 
volved, the information on hand is insufficient to yield a 
generalized comparative picture of these changes for all the 
holometabolic insects. Certain phases of this transformation 
have, however, been fairly intensively investigated, and of 
the tissues involved the fat-body has probably been more 
thoroughly studied than any other. This interest was due 
in a large measure to the obvious availability of the fat-cells 
as objects for histological and cytological investigations. The 
large size of the cells themselves and of their inclusions of fat 
and albuminoids seemed to indicate that in these cells, if in 
any, it should not be difficult to study the cytological changes 
associated with definite types of metabolic activity, especially 
the extensive changes taking place during the sudden and 
intensive activity accompanying the period of transformation 
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from larva to imago. Histologically, too, the study of the 
fat-body as to its development in the larva, its diversities of 
structure and behavior in the various insect groups, and the 
fate of its constituent cells during metamorphosis has offered 
interesting problems. Brief historical accounts of the litera¬ 
ture bearing on these investigations may be found in a number 
of the more recent papers (Anglas, '00; Perez, '02, ’11} 
Kreuscher, ’22). There will be outlined here a comparative 
account of some of the characteristic features of the fat-body 
as occurring in the different orders of holometabolic insects. 

THE FAT-BODY AS AN OBOAN OF BESEBVE 

Eeseyve food materials, stored in the living cells, are met 
with in animals of aU groups, usually in the form of fats, 
albuminoids, and glycogen. In insects, reserves are commonly 
found in the form of fats and albuminoids. Glycogen has also 
been reported by Herrmann (’21), Nakahara (’17), and 
others. 

1. In the non-holometabolic insects 

In those insects which do not undergo transformation the 
fat-cells fulfill their normal function as reservoirs for re¬ 
serve foods, containing within their cytoplasm vacuoles filled 
with fat, the amount varying with the condition of nutrition 
in the insect. In addition to the fat-droplets, there may be 
present granules representing albuminoid reserves. These 
granules are not always confined to the fat-cells, but, as 
described in Collembola (Philiptschenko, ’06), may also be 
present in the adjacent hypodermal cells. 

2. In the holometabolic insects 

In the holometabolic insects greater interest attaches to 
the fat-body. When in these insects the larva has attained 
its maximum size and has entered the prepupal phase, the 
changes initiated involve every tissue, and, as regards the 
fat-body, the activities associated with this transformation 
do not cease until some time after the imago has emerged 
from its pupal skin. 
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During larval life the fat-cells increase in size and become 
filled with fat-droplets and in some forms also with albuminoid 
granules. In the imago a variety of conditions may be en¬ 
countered according to the particular insect studied: the 
larval fat-oells have disappeared either entirely or in part 
and the fat-body of the imago is composed either of persisting 
larval cells or of newly formed imaginal fat-cells or even of 
a combination of both types. The changes going on in the 
larval fat-cells during metamorphosis as well as the mode of 
disintegration of those cells which do not persist in the imago 
vary considerably in the difTerent orders and even within an 
order. 

CHABACTERISTICS OF THE FAT-BODY IN THE HOLOMETABOLA 

1. Characteristics commoyi to all holometaholic insects 

There are certain characteristics common to the fat-body 
of all the holometabolic insects: 1) The fat-body cells contain 
fat-vacuoles at all stages in the life-history, except in certain 
eifibryos and young larvae. 2) Albuminoid granules are pres¬ 
ent, at least during metamorphosis. 3) Urates are accumu¬ 
lated in the fat-body, at least during metamorphosis. These 
urates may be stored either in the fat-cells themselves or in 
special excretory cells intimately associated with the fat-cells. 
4) At least some of the fat-cells persist and continue to func¬ 
tion in the imago. 

3, Cowparison of the faUhody in the holomefabolic orders 

Upon examining the history of the fat-cells in the different 
orders we find that a variety of conditions has been reported. 

a. Cell division. First, as to mitotic multiplication of fat- 
cells during larval life, we find that such does occur in the 
Coleoptera (Poyarkoff, '10; Berlese, ’99-’01; Kreuscher, 
’22) and in the Lepidoptera (Hufnagel, ’18; Berlese, ’99-’01) 
usually at the time of a larval molt, while no multiplication 
at all has been reported in the larva of Diptera and Hymen- 
pptera (Perez, ’10, ’12, and earlier authors), except in re¬ 
cently hatched honey-bee larvae (Schnelle, ’23). 
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h. Albuminoid granules. Then, as to the times at which 
albuminoid granules are present in the fat-cells, we find that 
often these are present only during the period of transforma¬ 
tion, making their appearance after the last larval molt, rap¬ 
idly increasing in quantity during the earlier part of trans¬ 
formation and then again disappearing in the late pupal 
phase and during the beginning of imaginal life. In all except 
the Diptera, however, are found forms in which the granules 
already appear during the first half of larval life. Instances 
recorded are, in Lepidoptera: Pieris (Berlese, ’99-’01); Na- 
kahara, ’17); in Coleoptera; Aphodius, Lampyris, and Sito- 
drepa (Berlese, ’99-’01); in Hymenoptera: Cynips, Tropi- 
noma (Berlese, ’99-’01), Nasonia (Tiegs, ’22) and Formica 
(Perez, ’02). Berlese, in respect to the Hymenoptera and 
Lepidoptera, also points out that in larvae which spin a large 
amount of silk the albuminoids appear later than in other 
forms. Then, too, it seems that in Dytiscus, according to 
Kreuscher (’22), granules may also occur in the imago as a 
normal reserve, and not merely as remains from the pupal 
stage. 

c. The nucleus. In respect to the nucleus of the fat-cells, it 
is interesting to note that in the'Coleoptera (Berlese, ’01; 
Kreuscher, ’22), in the Lepidoptera (Berlese, ’99-’01; Ram¬ 
son, ’08; Hollande, ’14; Hufnagel, ’18), and in the Diptera 
(Perez, ’10, and earlier authors) this structure in nearly 
every instance remains more or less spherical or ovoid, while 
in the Hymenoptera, directly after the last larval molt, the 
nucleus becomes greatly deformed, elongated, and with linear 
branches extending through the cell, in Monodontomerus even 
becoming fragmented (Berlese, ’99-’01). It appears, too, 
that during this change in form the nuclear membrane may 
break down, more or less, temporarily. In the imago the nu¬ 
cleus retains this bizarre form acquired during metamor¬ 
phosis (Karawaiew, ’98; Koschevnikow, ’(X); Berlese, *99- 
’01; Perez, ’10, ’12; Bishop, ’22; Schnelle, ’23). However, 
exceptions exist to the above general rule; in Anthonomus 
pomorum (Col., Eyncoph.) Henneguy (’04) finds the nucleus 
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braiM^ed and ramified, in Pieris (Lepid.) Nakahara (’17) 
describes amitotic division of the nucleus, and Berlese (’99- 
'01) finds that in Cynips (Hym.) the nucleus always remains 
rather spherical. 

d. Fate of the larval cells and origin of the imaginal fat- 
hody. We again find differences in regard to the fate of the 
larval fat-cells and in regard to the origin of the imaginal 
fat-body as reported by investigators in the several holo- 
metabolie orders. 

In the Coleoptera, according to Berlese (’99-’01), Poyar- 
koff (’10), and Kreuscher (’22), the majority of the fat-cells 
survive metamorphosis and with little change form the imagi¬ 
nal fat-body. 

In the Lepidoptera the larval fat-cells which during meta¬ 
morphosis had become isolated and free from one another 
are, in the imago, again united into groups surrounded 
by an enclosing membrane, and thus come to form the fat- 
body of the imago (Berlese, ’99-’01; Hufnagel, ’18). Huf- 
nagel believes that a phagocytosis of some of the fat-cells 
must take place during the transformation in Hyponomeuta, 
since there are fewer fat-cells in the imago than were present 
in the larva. However, there is no convincing evidence pre¬ 
sented and it is more probable that the cells which disappear 
simply undergo dissolution after having yielded up their 
inclusions to the blood. 

In the Diptera we find that the earlier investigators (Weis- 
mann, '64; Auerbach, ’74; Ganin, '75; Kiinckel d’Herculais, 
’75; Viallanes, ’82; Kowalewsky, ’85; van Rees, ’88) described 
a traumatic disintegration of fat-cells during transformation. 
Of the authors mentioned, only Weismann, Ganin, and Kiinc- 
kel failed to misinterpret their observations. More recently, 
both Mercier (’06), Perez (’10), and Snodgrass (’24) have 
again observed traumatic histolysis of the fat-cells; Mercier 
particularly, employing carmine injection in order to identify 
the leucocjrtes, finds that these will invade only those fat-cells 
whiifii have already ruptured spontaneously. Berlese (’99- 
’01) and Enriquez (’01, ’02) also agree that the phagocytes 
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take no part in the actual breaking down of the cells. Kowa- 
lewsky (’85), on the other hand, observed phagocytosis in 
vivo of fat-cells in the head, and Perez (’10), in addition to 
observing a traumatic breaking down followed by phagocy¬ 
tosis, also describes the phagocytosis of intact fat-cells which 
in no way show any sign of degeneration. Most of the larval 
fat-cells, according to Perez, go over into the imago, in which 
they gradually become smaller as their reserves are used up 
and are surrounded by leucocytes which gather about them. 
There is, in addition, a true imaginal fat-body, formed at the 
end of the pupal period from hitherto undifferentiated em¬ 
bryonic cells. Berlese also describes an imaginal fat-tissue 
in the higher Diptera, as formed by the mitotic proliferation 
of the nuclei of the Kernchenkugeln—a theory amply criti¬ 
cised by Perez. In the less evolved Diptera (Nematocera), 
according to Berlese, the larval fat-body is preserved in the 
imago. Kellogg (’01) reports the absence of phagoc 3 d. 08 is in 
the Tipulid, Holorusia, Wt in Bepharocera, another of the 
Nematocera, he does observe phagocytic destruction. 

Finally, as to the fate of the fat-cells in the Hymenoptera, 
we find such diversity of views that it is often difficult to de¬ 
cide whether the described differences are due to disparity 
in interpretation, to faulty technique, or to actual diversity 
in the material. The authors, however, agree that the fat- 
body of the imago is constituted of larval fat-cells which have 
undergone a rearrangement in the pupa. Probably not all the 
fat-cells go over into the imago, as Berlese thought, but only 
a part of them. 

Three methods of disposal have been described for those 
cells which disappear during transformation: 1) phagocy¬ 
tosis, 2) traumatic disintegration of the cells, 3) resorj^ion 
of cell contents accompanied by diminution in size of the cell 
and followed by phagocytosis of the residue or the solution 
of the residuum in the body finid. 

Perez describes typical phagocytosis, occurring at an early 
stage of transformation in Polistes, as removing a large num¬ 
ber of the fat-cells, especially those situated in the thorax. 
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Perez also describes the phagocytosis of the remains of fat- 
cells which have persisted into the late pux^a or early imago 
and whose inclusions have been gradually resorbcd. Such 
typical phagocytosis has not been recorded by other authors 
(Koschevnikow, W; Berlese, ’99-’01; Terre, ’00; Anglas, 
’02; Bishop, ’22; Schnelle, ’23). Karawaiew (’98) described 
what he thought to be phagocytosis of fat-cells, but from his 
accurate description of the i)hagocytes, which are attached to 
the exterior of the fat-cells, it is obvious that he was dealing 
with the urate cells. 

Traumatic disruption of larval fat-cells during transforma¬ 
tion is described, especially as occurring in the bee, by Kos- 
chevnikbw (’00), Bishop (’22), Schnelle (’23), and in the 
wasp by Anglas (’02). Of the cells in the wasp, Anglas states 
that only some of these display traumatism, while others de¬ 
generate without breaking up. According to the former 
authors, the fat-cells, after having attained their maximum 
size and being filled with inclusions of fat and albuminoids 
and having become free from each other, rupture and spill 
their contents into the body cavity so that the body liquid 
becomes a kind of puree composed of the blood plasma thick¬ 
ened with albuminoid granules, fat-droi)lets, and nuclei, all 
derived from the disintegrated fat-cells. Such disruption 
of the fat-cells has not been described by Berlese nor by 
Perez. Perez (’12) finds no traumatism at all in Polistes and 
believes that such observations must be the result of poor 
technique. 

Degeneration without xfiiagocytosis is described by Terre 
(’00) in the bee and by Anglas (’02) and Perez (’10, ’12) in 
the wasp. Anglas observed that the cells grow smaller and 
finally disintegrate, as he believes, due to the activity of 
enzymes secreted by leucocytes which are found in the imme¬ 
diate vicinity of such cells—a phenomenon he calls lyo(»ytosis. 
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3. The excretory function of the fat-body 

In regard to the urate-atoring function of the fat-body, one 
again finds wide differences both as to the times in the life- 
history during which urates may be found and as to whether 
they are stored in the fat-cells themselvee or in special ‘excre¬ 
tory cells’ associated with the fat-cells. 

In Collembola, according to Philiptschenko (’06) and 
others, in Orthoptera (s.l.), according to Cuenot (’95), and 
in the Hymenoptera (with the exception of Monodontomerus, 
as recorded by Berlese), according to Berlese (’99-’01), An- 
glas (’02), Henneguy (’04), Perez (’12), Schnelle (’23), 
Bledowsky and Krainska (’26), and earlier authors, special 
cells are found in the fat-body which are entirely filled with 
concrements of urate. 

In the Coleoptera, according to Berlese (’99-’01), Poyar- 
koff (’10), and Kreuscher (’22), and in the Lepidoptera, ac¬ 
cording to Berlese (’99-’01), Hollande (’14), and Samson 
(’08), on the other hand, the urates are stored in the fat-cells 
themselves. 

In the Diptera Berlese (’99-’01) described in the fat-cells of 
pupae the occurrence of small spheres containing deeply 
staining (haemalum) granules, interpreted as reserves in the 
process of transformation, and named them ‘pseudonuclei.’ 
These same objects were again observed in Galliphora by 
Perez (’10) who, relying in part upon the tests carried out by 
Marchal (’89) and in part upon the fact that these granules 
stain with haemalum as do the urates which he himself ob¬ 
served in the ant, interprets them, however, as urate granules. 
If the ‘pseudonuclei’ of the dipterous cells shall really be 
found to contain urates, then we should have in the Diptera a 
special kind of urate-storing fat-cell in which the urate crys¬ 
tals do not appear in separate vacuoles as in Oolec^tera and 
Lepidoptera, but within the albuminoid inclusions. The loca¬ 
tion as well as the small size of these granules does not read¬ 
ily permit the application to them of the murexid test which 
is really necessary to determine their nature. 
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MATERIAL AND TECHNIQUE 

I'he species employed in this study were two Tenthredinids, 
Pteronidea ribesi (Scopoli), and Diphadnus appendiculatus 
(Hartig), both of which feed on the leaves of the cultivated 
gooseberry, and an ichneumonid, Macrocentrus ancylivora 
Eohwer, a parasite upon larvae of Ancylis oomptana 
Proehl., the strawberry leaf roller, and of Laspeyresia molesta 
Busck, the oriental peach moth. Serial sections of entire 
insects of all stages were prepared in addition to smears and 
dissections. The serial sections of Macrocentrus larvae were 
prepared from material bred from Ancylis, while the sections 
of postlarval stages (prepupa, pupa, imago) and all the smear 
preparations of Macrocentrus were made from individuals 
bred from Laspeyresia. Tlie fixatives employed in preparing 
the sectioned material were mainly Allen’s B15, Flemming’s 
and Ohampy’s fluids. 

The insects were first dipped in chloroform and then im¬ 
mediately dropped into the fixative. The chloroform aids 
greatly in securing penetration of the fixative through the 
chitin, and without its use fixation of Macrocentrus larvae is 
hardly possible except with Carnoy’s fluid. Allen’s B15 was 
warmed to ca. 80°C. and material fixed in Flemming or 
Champy was cut open to secure sufficient penetration of the 
osmio acid for fixation of the fat-globules. Eecalcitrant 
specimens which refuse to fix in fifteen minutes are discarded. 

In preparing the serial sections the usual paraffin method 
was used, clearing in aniline oil from 70 per cent alcohol and 
transferring through chloroform gradually into paraflSn. Sec¬ 
tions were cut at 6 to 8 m and stained with Heidenhain’s iron- 
hamnatoxylin with or without counterstains or with haemalum 
(newer formula) with coimterstains, such as eosin, orange 
G, van Gieson’s, acid-fuchsin, and lichtgriin. Some slides 
were stained with Mallory’s connective-tissue stain. 

Smear preparations of the fat-cells were fixed with 4 per 
ceat formalin and stained with haemalum and Sudan III or 
alkaain and mounted in glycerin jelly, or stained with 
haemalum and a counterstain and mounted in balsam. 
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For investigating the development of urate cells, ma¬ 
terial was fixed in absolute alcohol, since, the urate crystals 
8(re water-soluble, carried directly into xylul and paritlfo ami 
stained in alcoholic solutions. 

The murexid test was also applied to uratj^ obtained from 
the fat-body of the pupa and the imag^usd excarement of 
Pteronidea and from the larva, pupa, inteatinal content, and 
imaginal excreta of Maerocentrus. In ever;y ease a beautiful 
purple color was obtained. 

ANATOMICAL OBSERVATIONS 

1. Morphology of the fat-hody in Pteronidea and JMphadnus 

a. Organization. The morphology of the fat-body in the 
two sawflies studied corresponds to the descrii^ions. of this 
organ given by Berlese (’99-’01) and WillEe {’21). In the 
larva two major elements are recognized, the central fat- 
body and the peripheral fat-body. 

The central fat-body is a cylindrical structure composed 
of fat-cells connected by threads or ‘cell bridges,’ which are 
prolongations of the cell membranes, forming' a loose net¬ 
work enveloping the alimentary canal and extending through 
the body from the first thoracic segment to the posterior end 
of the abdomen. Integral parts of this fat-body are the two 
ducts of the spinning gland and the acini of this gland which 
are attached to each duct in two rows. The acini snperfioisl^ 
resemble the fat-cells both as to cell size and nuclear struc¬ 
ture in the young larva. 

The peripheral fat-body is composed of the remsinit^ fat- 
cells which lie nearer the body wall, distal to the perioaidial 
septum, the ventral septum, and the inner layers of muscle, 
These cells are not so uniformly distributed as are the eswM^al 
fat-cells, but are more numerous in the ventrolateral lobees 
of the body segments. 

b. Oenocytes. Associated with the peripheral fat-<M(^ and 
closely resembling them in the structure of both nucleus ahd 
cytosome, so that in sectioned larval material their lik^maM 
to the former is almost deceptive, are the oenocytes. These 
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cells, to which, in the absence of any positive kjiowled^e, a 
secretory function of iiiiktK)wn import is generally ascribed, 
are usually large rounded cells with dense liomogeiieoiis (*yto- 
plasm. In this form we find them also in the emtu'yo and in 
the imago of Pteronidea, while in the larva the cyto[)lasm is 
very coarsely granular and vacuolated. 

r. Leucocyte colonies. Leucocyte colonies are also found 
distributed throughout the p(*ri})heral fat-body, especially in 
tlie dorsal region and in the ventrolateral segment lo))(*s. In 
the very youngest larvae one or two of these leucocytes are 
attached to manj- of tlie fat-cells (fig. 3). Mitotic multiplica¬ 
tion goes on throughout larval life, so that extensive cell 
masses are formed, attached to single fat-cells or extending 
between several neighboring ones (tigs. 9, 12). Individual 
colls are continually set free from these colonies during larval 
life, and the free leucocytes found in the blood closely re¬ 
semble those in the c(»loni(‘s except that they have acc|uired 
a more extensive cytoplasm. 

These blood-cell groii[»s were first described by Schaeffer 
(’89) in Lyda (Tenth.) and in the tliorax only of Hypo- 
nomeuta (Lepid.) where they occur at the bases of the wing 
rudiments. Ilufnagel (’18) states that she finds them also in 
the abdomen in Hyponomeuta and considers them the origin 
of both the free leucocytes in the blood and the fat-cells. In 
another lepidopterous larva, Zerynthia, Wegenei* (’23) de¬ 
scribes blood cells originating from the hypodermis of the 
dorsum. In Pteronidea tliere is no transformation of leuco¬ 
cytes into fat-cells. The occurrence of such colonies is ap- 
parentlj^ rare in insects and has been descril)ed only in the 
groups above mentioned. The cells evidently correspond to 
the ‘small amoebocytes’ of (hieuot and to the ‘chromoi:)hile 
leucoc\i;es’ of Muttkowski. After liberation, they transform 
by addition of cytoplasm to the ‘large amoebocytes’ of authors. 
During transfoi'mation the leucocyte colonies disintegrate and 
the cells are released into the body cavity. 

d. Urate cells. Another constituent of the fat-body is the 
urate cells which in the sawflies are confined to the central 
fat-body. 
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2. Dewlopmeut of the fat-ceUs in Pteronidea and Diphadnus 

a. In the embryo and larva. In the late OTttbryo of 
Pteronidea the cells of the fat-body are already all formed 
and undergo no further multiplication during the growth 
and development of the larva, their later history has to do 
only with an increase in size and with differentiations of 
internal structure. 

In the embryo the central fat-cells are found to be ea. 5{i 
in diameter and with a spherical nucleus 3(i in cUameter 
(fig. 2). The nucleus is filled with lighter-staining granular 
substance and usually one dark chromatic mass. The cyto¬ 
plasm is dense and homogeneous and contains several small 
fat-vacuoles. The peripheral fat-cells (fig. 1) are somewhat 
larger (6 to 7 m). The nucleus (3 to 4 m) is again round and 
finely granular, with one large irregular chromatic mass. The 
position of the nucleus in the cell is generally eccentric, due to 
the presence in the cytosome of a large fat-vacuole in the 
otherwise homogeneous cytoplasm. 

In feeding larvae of the first instar the central fat-ceUs 
have increased to 10 m in diameter (fig. 4). The centrally 
situated spherical nucleus contain^ normally two irregular 
chromatic masses in a matrix of lighter chromatic materiaL 
The heavily staining cytoplasm, irregularly flocculent in ap¬ 
pearance, is differentiated into an irregrular zone of very 
dense material about the nucleus. Fat-vacuoles are not 
always recognizable in these cells and, especially in the thorax, 
one finds many cells with apparently no fat-vacuoles, i^le 
in the abdomen they are usually clearly seen. Cells without 
spherical vacuoles usually have irregularly outlined vacuoles 
containing a lightly staining, smooth, homogeneous substance 
(fig- 4). 

The peripheral fat-cells of this stage are somewhat larger 
than the central fat-cells. They measure ca. 16 m and their 
nucleus has a diameter of 6 m. , The structural details of both 
nucleus and cytosome resemble closely those of the central 
fat-body (figs. 3, 5, 6). 
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During the second and third instars the cells continue to 
grow so that in the third instar we find that their diameter 
has increased to 30 jj, their nucleus to 10 m (figs. 7 to 12). The 
nucleus has retained its spherical or ovoid form, but its mem¬ 
brane is now rather thick and the chromatic material has 
broken up into numerous small bodies. The cytoplasm is 
granular and the dense perinuclear cytoyilasm may still be 
in evidence, and, in the peripheral fat-cells, is seen to extend 
out between the vacuoles to the cell membrane (figs. 9,10,12). 
In the central cells this dense material may be scattered in 
little islets distant from the nucleus (figs. 7,11). 

Fat-vacuoles are x)re8eni, occupying at least half the volume 
of the cytosome in the peripheral cells, while in the central 
cells they may be obscure or apparently absent. In cells of 
the latter group one again finds irregular vacuolated areas 
filled with homogeneous achromatic material, and it is these 
cells which have the most deeply staining cytoplasm—a con¬ 
dition characteristic of some individuals in which the central 
fat-cells are more retarded in their development by compari¬ 
son with the i)eripheral cells (compare figs. 7 and 10, from 
the same larva; also 11 and 12). The fat solvents used in the 
preparation of sectioned material rarely leave the vacuoles 
of this stage entirely clear, some lightly staining substance 
usually remains either in the form of sparsely scattered 
granular material (fig. 9) or in the form of smooth-lumped 
masses (figs. 8, 10). 

In the fourth instar the cells have attained a size of 40 
to 50 m* In ^ central fat-cell (fig. 13) we find conditions 
similar to those in the preceding instar, but the nucleus is 
surrounded by a clearer zone similar to the vacuolated areas 
out in the cytoplasm. A peripheral fat-cell (fig. 14) shows 
the dark perinuclear material with radiating arms extending 
out to the cell membrane, and we note, in addition to the small 
clear fat-vacuoles, two large vacuole-like areas filled with a 
light granular material. Figure 15, as contrasted with figure 
13, ililustrates a central fat-cell in which the fat is in the 
form of definite clear vacuoles and in which the cytoplasm is 
much less dense. 



KIU)C)LF G. SCIIMIKDEI? 


i:}(3 


During’ the last larval lUHlar (figs. 16 to 18) the fat-cells may 
range in size hetween 70 ami 140 p, rapid growth taking place 
at this time so that the cells attain almost their maximum size. 
I'lie nucleus loses its spherical form, becoming indented, and 
at tlie beginning of this instar already has spinous projec¬ 
tions extending outAvard. Tlie fat-vacuoles are distinct and 
are found at the pei’iphery of the cell, with the exception of 
a few smaller ones which may be nearer the nucleus. The 
amount of fat present in tli(‘ periph(»ral cells always exceeds 
that in the central cells (compare figs. 17 and 16). Vacuolated 
areas ])resent just outside the nuclear membrane appear to 
indicate that the substance contained in them has been ex¬ 
truded from the nucleus, the membrane of which is at this 
tim(» very delicate or in some jdaces entirely absent. 

b. Mature larva. In a fully mature larva (fig. 18) the nu¬ 
cleus is still more deformed and a number of elongated arms 
radiate out from the principal nuclear mass and extend almost 
to the i)eri])heral region of the cell. The investiture of the 
nucleus is now a thick, dense, achromatic membrane whicli 
also (»xteuds outward from the ends of the nuclear arms, 
branching and radiating into the cytosome, and making con¬ 
tact at numerous points Avith the cell meipbrane, at whose 
surface the prolongations of this network form a continuous 
layer. This extensive cytoplasmic network connecting the 
nuclear envelope with the cell membrane appears to act as a 
su])porling structure. The iietAAork itself does not stain ex¬ 
cept with cytoplasmic dyes, but with Flemming^s tricolor stain 
it becomes an intense blue, the stain being confined to the 
surfaces and to minute granular material on these surfaces. 
Under some conditions, iron-haematoxylin Avill also blacken 
this network. In the interstices of this network there is a 
light granular cytoplasm which stains rather strongly with 
acid dyes; centrally, the portion partly surrounded by the 
arms of the nucleus consists of a very light open reticulum. 

If we compare this cell (fig. 18) Avith an earlier stage 
(fig. 14), it appears that the more chromatic cytoplasm whicli 
in the earlier stages envelops the nucleus and extends outward 
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has in the older cell lieeome eoiidensed into a liomogeneons 
moshwork. This mesh serves to anchor the Tiucleus to the 
cell membrane, and as the cell grows, nuclear growth in the 
meantime not keei)ing pace witli cell growth, the radiating 
strands t(*nd to keep those points of the nucleus to wdiich they 
are attached nearer the cell m(‘m))raiie so that the nucleus 
must necessarily become stretched out into the branched form 
it comes to have. Kigures lb and 17 are from Flemming-fixed 
material of an earlier stage and these strands do not appear, 
yet the shar})ly drawn-out projections on the nuchnis seem 
to indicate their existence. 

Incr(‘ase in size of the fat-cells during the last larval instar 
takes ])lac(' by the addition of new cytoplasm in tin* region 
next the nucleus, as (‘videnced by the exclusively peripheral 
))osituui of the fat-vacuol(‘s, wiiich are older structures, and 
by the a])pearanci‘ about the nucleus of the large vacuole-like 
masses of liglit, r(‘ticular cytoplasm dilTering from tin* dmiser 
peripheral iirotojilasm. 

After the last larval molt we have to do with the pre])upal 
instar which at first resembles the grown larva exceyit for 
the absence of any })igment in the chitin and of the spines 
which are cliarac'teristic of the larva. After shedding the 
larval skin, tJie jirejiupa rests for several hours, then burrows 
into the ground (Pteronidea) or remains on llie stems of 
the food yilant (Diphadnus), spins a cocoon, in about nine 
days (in the early spring generation) molts to the pupa, and 
in another three* or four days emerges as an imago. 

c. Prrpupal insfar. In a prejnipa which has just shed its 
larval skin, changes occur rapidly in the fat-cells. The nu¬ 
cleus retains its curious form, but the heavy nuclear sheath 
becomes wide, loose, and r(‘ticular in some places, especially 
in its distal parts, and lying in and on this structure and on 
the cytoplasmic network as far as the cell jieriphery are 
found numbers of small globules, the beginnings of the 
albuminoid inclusions (figs. 19 to 21). 

These small albuminoid spheres, at first sparsely scattered 
through the cell, are granular in structure, staining lightly 
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with liaemahxm, and when acid stains are added, accepting 
these also and becoming much darker (fig. 21). When iron- 
haematoxylin is used, the spheres appear to be composed of 
an achromatic matrix containing minute chromatic granules 
(figs. 19, 20). The cytoplasm, especially that part lying near 
the nucleus, has a strong affinity for acid dyes, but does not 
stain at all with haematoxylin. 

This sudden appearance of albuminoid granules in the cells 
indicates a period of great metabolic activity in the cytoplasm, 
as the result of which cytoplasm, and probably fat also, is 
transformed into an albuminoid substance. Since cell ac¬ 
tivities generally are dependent upon stimuli, probably in the 
form of enzymes, emanating from the nucleus, it is not sur¬ 
prising to find that extensive nuclear changes occur at this 
time. In fact, we have seen (fig. 18) that a great change in 
nuclear form has already preceded the appearance of the 
albuminoids, for at this early stage, although the nucleus 
is highly deformed and ramified, there are no staining 
granules in the cytoplasm, but only a very few achromatic 
hyaline grains which are very minute and whose significance 
is not clear. Then in figures 19 to 21, where the albuminoids 
are seen in the initial stages of formation, we find that the 
membrane of the nucleus has undergone a change, having 
become in some places very thin or even diffuse, but in most 
parts retaining its original structure, and that the volume 
of the nucleus, as well as the number of chromatic granules 
contained in it, has been greatly reduced. 

It does not seem, however, that the large number of al- 
bunoinoid spheres in the cytosome can be accounted for by 
supposing that they have originated from chromatic nuclear 
granules which have emigrated from the nucleus. Such an 
origin is maintained for the albuminoids in the honey-bee 
by Bishop (’22, ’23). 

li the cells under consideration behaved according to 
Bishop’s theory, we should expect to find hasophile granules 
appearing in the cytosome as soon as the nucleus becomes 
ramified, but such is not the case (fig. 18). Again, the al- 
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buminoid granules when they first appear are found througli- 
out the cytosome (figs. 19 to 21), and they do not at all re¬ 
semble the chromatic granules of the nucleus. Wilhout a 
knowledge of this early condition of the albuminoids, how¬ 
ever, an examination of a later stage (fig. 22) when stained 
with iron-haematoxylin might at first suggest that here, too, 
the albuminoids are formed in the manner described by 
Bishop, for we find black granules in the cytoplasm resembling 
in size and color the granules in the nucleus, although they 
are entirely different, as indicated by their affinities for other 
stains. 

At the time the prepupa is beginning to spin its cocoon, a 
few hours after the last larval molt, we find (fig. 21) that 
the albuminoids have increased in number and in size, but 
have remained similar in appearance. 

d. Spinning prepupa. In a prepupa which has begun spin¬ 
ning (figs, 22 to 24) the cytoplasm is already well filled with 
numerous albuminoid inclusions of different types, the nu¬ 
cleus is somewhat simpler and the nuclear granules are in 
a more stable, spherical form. A heavy nuclear membrane 
is present, but is not uniform, in some parts being still thin 
or diffuse. 

At this time, in material fixed in Allen’s B15 and stained 
with iron-haematoxylin, there may be distinguished in the 
fat-cells three types of albuminoid inclusions, viz., 1) granular 
spheres, 2) smooth, achromatic spheres, 3) solid black spheres. 
There are also present some which may be considered as 
transitional types, between the granular and the achromatic 
spheres and between the achromatic and the black spheres. 

Although all these different types of albuminoids may be 
present within a single cell, their relative abundance varies 
in different regions of the body. Estimates made of the 
relative numbers present in the cells of different regions 
showed that, as regards the central fat-body, a) the granular 
albuminoid spheres are relatively scarce in the thorax and 
gradually increase in numbers caudad; b) the achromatic 
spheres predominate in the thorax and gradually become less 
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abundant, so that only a fow are i)re8enl in the cells at the 
])osteri()r end of the abdomen; c) the black staining splieres 
art* fewei- in the thorax and very numerous in the abdomen; 
d) spheres Avhieh, according to their staining reaction, are 
transitional between the achromatic and the l)lack albuminoid 
spheres are most numerous in the thorax. 

In the pt‘ripheral fat-body conditions are somewdiat similar, 
except that there are no black grannies in the thorax (fig. 23) 
and comparatively few in the abdomen and that the granular 
spheres are much more numerous throughout than they are 
in the central fat-body. In the posterior end of the abdomen 
are found many transitions between achromatic spheres and 
tlie granular type; there are many of the former which con¬ 
tain a few, or often a peripheral ring of minute black granules. 

p. Latv j)repupa and pupa. In the late prepupa as well as 
in the pupa and early imago, using the same technique, it is 
found that jjractically all the albuminoids are in the form 
of spheres which stain intensely with iron haematoxylin (fig. 
25). In the central fat-body at this time nearly all of these 
spheres are T*efracting bodies which take a translucent black 
stain, while in the peripheral fat-body they are not refracting, 
but are more densely black and opaque. Jn addition, there 
aj’e ])resent in all cells, especially in the peripheral cells, some 
granular s])heres. 

From these observations, made upon material fixed in warm 
Bib and stained with iron-haematoxylin, it would appear that 
tlie black-staining spheres are formed from achromatic 
spheres which in turn have either arisen independently or, 
more probably, have developed out of smaller, minutely 
granular spheres. 

In material fixed in absolute alcohol or in Champy’s fluid 
(an osmic mixture without acetic acid) the albuminoid spheres 
are differont in ax)pearance. Figures 26 and 27 are cells 
from prepupae which had comifietod spinning; the former 
is from a specimen fixed in alcoliol and stained with haemalum 
and orange G, the latter from one fixed in Charnpy’s fluid and 
stained with iroii-haematoxyliu. 
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Adjacent to the micleus are seen numerous smaller spheres 
which are slightly basic and granular. They evidently repre¬ 
sent bodies more recently formed as the result of transferral 
to the cytosome of substances originally in the nucleus. For 
it is noted that the nucleus is now more reduced in volume 
than in the preceding stage; it is very much flattened and 
contains but little chromatic material. The cytoplasm in the 
vicinity of the nucleus has a strong affinity for acid dyes. 

More remote from the nucleus the albuminoid spheres con¬ 
sist of a hollow shell of very lightly basophile material en¬ 
closing a vacuole-like space more or less filled by an intensely 
acidophile globule. The exterior shell is often more or less 
crumpled, as if the included globule or some other substance 
in the living condition completely filled the shell and that this 
material has been partly dissolved out during preparation. 
Some of the spheres are entirely hollowed and contain no 
acidoifliile material within. These latter resemble closely the 
fully developed albuminoid spheres, as described in the bee 
by Bishop. 

Between the small granular spheres near the nucleus and 
the more perijflierally located larger spheres all transitions 
are present, indicating the devedopment of the latter out of 
tlie former. 

(,V)mparing the observations made on material prepared by 
the different methods, it is apparent that the spheres which, 
when fixed with alcohol or Champy’s fluid, are partly hol¬ 
lowed, partly more or less filled with an acidophile substance, 
fix completely and uniformly as solid objects, with warm Bib 
and react variously, as seen in figures 22 to 24, to iron- 
haematoxylin, while with haemalum and orange 0 they are 
found to be uniformly acidophile, except for an external 
layer which is slightly basic. 

These observations indicate that in Pteronidea the mature 
albuminoid spheres in the fat-cells are formed from the 
smaller spheres whicli are somewhat basophile and granular 
and which appear throughout the cytosome at an early stage 
in the prepupa (figs. 19 to 21) and confined to the vicinity 
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of tlie imcleus in a somewliat later stage (figs. 26, 27). The 
small spheres grow by the accumulation within their interior 
of an acidophile substance, while the original granular ma¬ 
terial remains on the surface of the growing sphere and be¬ 
comes less and less stainable with basic dyes. 

During the early part of prepupal life, while the body is still 
larva-like in exterior form, in its movements and in its 
responses by movement to stimulation of the thoracic legs 
or of the mandibles, the fat-body cells also maintain the ar¬ 
rangement characteristic of the larva. As the form of the 
prepupa clianges, the abdomen becoming shorter and straight 
and the vague outlines of the future pupal form becoming 
visible, the fat-body becomes disintegrated so that the indi¬ 
vidual cells are isolated from each other and lie free in the 
body cavity —a condition which allows the fat-body to adjust 
itself to the form of the developing pupa. This condition of 
the fat-cells is best seen by cutting open the insect and allow¬ 
ing the fat-cells to flow out. At this period the cell membrane 
is very delicate and the cells are fragile and rupture easily. 
In the insect, however, the cells always remain intact and 
very soon the individual cells associate together in small 
groups of three or four cells and also into strings and layers 
(fig. 29), in which form they are present in the pupa and in 
the young imago. 

/. Imago. As the imaginal organs are being formed dur¬ 
ing the pupal instar and as the activities of the insect and 
the development of the gonads continue during early imaginal 
life, the fat-cells decrease in size, and many of them disappear 
entirely. The albuminoids gradually disintegrate and dis¬ 
solve leaving the fat-droplets as the only remaining inclu¬ 
sions in the active imago. Figures 30 and 31 illustrate two 
groups of fat-cells from the abdomen of a young imago. In 
the first group are cells with very large fat-vacuoles together 
with some albuminoids. In the second group (fig. 31) are 
cells of more normal habitus which would continue to func¬ 
tion as imaginal fat-cells. Figure 28 represents a cell from 
the thorax of a young imago and shows the albuminoid 
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spheres in the process of dissolution. A few of the spheres 
are still present, others are disintef^rating and are very 
slightly stained, their position being indicated by the form 
of the surrounding cytoplasm which now stains intensely 
black with iron-haematoxylin. Tn some parts of the cell there 
is no trace at all of the albuminoids, but only a homogeneous 
cytoplasm. As the albuminoids lose Iheir aifinity for iron- 
haematoxylin, the cytoplasm acquires such an affinity, indi¬ 
cating that substances from the albuminoid spheres have 
passed into the cytoplasm. 

Not all of the larval fat-cells, liowever, survive transforma¬ 
tion. Many, especially those situated in the thorax, disap¬ 
pear entirely after having resorbed their inclusions. They 
become reduced in size and finally fragment and go into 
solution in the blood. There is no indication that phagocytes 
play any ])arl in the removal of these cells. 


.V. The fat’hody in macrocentrns 

a. Larva, In Macrocentrus larvae we can again distinguish 
a central and a periplieral fat-body. The central fat-body, 
which is the more extensive, occurs in the form of lobed 
sheets or masses one or two layers thick, in which the indi¬ 
vidual cells are clearly distinguishable. Intercalated through¬ 
out the central fat-body of the abdomen are the urate cells 
which during the first larval instar already contain sphaero- 
crystals of urate. 

During the first instar the fat-cells average 8 m in diameter. 
The nucleus at this time resembles that of the corresponding 
stage in Pteronidea, and contains, in addition to the granular 
material, from one to four, usually two, chromatic masses 
(fig. 32). There is present usually only a single fat-vacuole, 
the size of which leads to the eccentric position of the nucleus. 

In the second instar the cells of the peripheral fat-body (fig. 
33) have grown less rapidly than the central cells (fig. 34). 
In both, the chromatic material of the nucleus is divided into 
numerous granules—a condition already noted in the second 
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instar of Pleronidoa. It is noted that the cytoplasm in these 
cclJs is always rather uniformly granular and does not have 
a denser perinuclear moiety as was observed in Pteronidea. 

Appearing first in the second instar are small albuminoid 
inclusions in the cytoplasm, occurring either isolated or in 
groups (fig. o4). These granules stain deeply with iron hae- 
matoxylin, with acid dyes, such as eosin, orange G, and acid 
fuchsin, but not at all with haemalum. When they first appear 
the granules are found only in the abdomen, but toward the 
end of the second instar are found throughout the thorax and 
abdomen in the cells of the central fat-body and in a few of 
the peripheral fat-cells. 

In the third.instar, which is the last larval instar, the gran¬ 
ules have attained a size of 3.5 m (fig. 36). 

h. Prepupa, During the fourth instar the Macrocentrus 
feeds on the outside of the host larva and then begins spin¬ 
ning its cocoon. In the spinning prepupa the fat-cells have 
attained almost their maximum size, ca. 50 m (fig. 37). 

About eighteen hours after the prepupa has begun to spin, 
communication is established between the lumen of the mid¬ 
gut with that of the hindgut, and the insect voids the excre¬ 
ment which has been accumulating in 'the midgut during 
larval life. From this time forward there are to be found in 
the central fat-cells, in addition to the acidophile spheres, 
spheres filled with basophile granules, and these spheres in¬ 
crease in size up to 10 m (fig. 38) some of them are only 
granulated in part and the granulated portion partly or en¬ 
tirely encloses an acid-staining body entirely resembling the 
substance of the acidophile spheres (ft, fig. 38), When stained 
with iron-haematoxylin, the granular spheres are a deep, 
opaque black and their granular structure is not so evident. 

Those peripheral fat-cells which contained no acidophile in¬ 
clusions during larval life may also at this time become filled 
with basophile granular spheres, but continue to remain free 
of the acidophile type (fig. 40). 

In this instar, too, when spinning is completed and the large 
muscles of the thorax are just beginning to form, many of 
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the thoracic fat-cells, especially the cells of the peripheral 
fat-body, undergo degeneration, in the case of the latter, with¬ 
out first developing any albuminoid spheres. 

The degenerating cells appear as if undergoing phagocy¬ 
tosis, but it is difficult to deternodne whether such is really the 
case. It is true that the individual cells appear to break up 
into smaller spherical masses which are supposedly the re¬ 
sults of phagocyte activity as described by Perez in the ant 
and in the wasp at a corresponding period of development. 
However, in Macrocentrus it is difficult to distinguish with 
certainty the leucocyte nucleus. The nuclei of the blood cells 
in this species are not large nor are they stained distinctively 
enough to be definitely r(»cognizable if embedded in a mass of 
fat-cell material which contains chromatic bodies of diverse 
aspect, the results of chromatic degeneration. 

At a somewhat later stage in the prepupa and in the pupa, 
the central fat-cells enclosed between the developing thoracic 
muscles are seen to degenerate in a way which entirely pre¬ 
cludes the possibility of phagocytosis. The cell inclusions are 
gradually resorbed and the cells become smaller in size, and 
finally fall to pieces, the residue dissolving in the blood. Such 
cell fragments, usually still containing a few small inclusions, 
are found everywhere between the developing muscles in the 
pupa. 

In sectioned material it is found that in the abdomen the 
fat-cells, together with the intercalated large urate cells, and 
peripherally the oenocytes, occupy the body cavity in the 
form of a solid mass (fig. 41), in which cell boundaries cannot 
always be distinguished except at the periphery of the mass 
where the cells may happen to be less densely aggregated. 
The fat-cells are at this time free from each other and have 
very delicate cell membranes, so that they are even more 
fragile than the cells of Pteronidea. 

In making smear preparations it is found that the cells 
will remain entire if placed in a drop of normal salt solution 
on a cover-slip, but will rupture and disintegrate if the liquid 
on the slip is drained off with filter-paper or is allowed to dry 
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with till' iiiteiilioii of makiuf? u smear fixation possible. It is, 
therefore, certain that in the intact insect there is no exten¬ 
sive disruption of the fat-cells, especially since in later stages 
they are again visibly intact. Tliose fat-cells which survive 
pujiation and are found in the imago are the same cells which 
were present in the mature larva and which have always 
maintained their identity. 

c. Pupa. In the recent pupa (figs. 39, 40) we have similar 
conditions, illustrated by figures drawn in ojitical section 
from smears stained with haemalum. The nucleus (fig. 39) 
is distorted and has branches extending between the cell in¬ 
clusions. Its border is not distinct, there is no definite mem¬ 
brane visible, and in the cytosome surrounding the nucleus 
are numerous small basophile granules and aggregations of 
such granules. Wherever cells have become ruptured in the 
process of making a smear preparation, the nucleus becomes 
partly freed from its hemmed-in position between the inclu¬ 
sions and is then seen to consist of a mass of chromatic gran¬ 
ules, still retaining its deformed shape, but contained in a 
clear vesicle surrounded by a distinct membrane (fig. 42). 
This observation may indicate that the nuclear membrane 
does remain intact, although not discernible in sectioned ma¬ 
terial or in uninjured cells on smear mounts of this stage 
(figs. 38, 39). 

However, the small basophile granules and aggregations 
of granules in the cytosome do resemble closely the granules 
in the nucleus. And when it is noted that here, as in Pteron- 
idea, the advent of basophile granules in the cytosome is 
coincident with changes in the shape of the nucleus, we are 
not only again reminded that nuclear substance is taking an 
active part in the metabolic changes going on at this time, 
but the possibility suggests itself that formed particles may 
actually migrate out of the nucleus after disappearance of 
the membrane. Such an occurrence is by no means demon¬ 
strated by these observations, but still a theory of this kind 
appears to be not entirely gratuitous. 
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Ill the cytosome of the pupal fat-eells are a^ain seen the 
two types of albuminoid spheres, the acidophile spheres (a, 
figs. 39, 41) and the basophile granular spheres (b, figs. 39, 
41). The former are the same spheres which Avere formed 
during early larval life and which attained Iheir maximum 
development in the prepupal instar. They are refracting, 
crystalloidal bodies which stain intensely with acid dy(‘s. The 
basophile granular spheres are those which were formed dur¬ 
ing the prepupal stage, and which develop ray)idly and be> 
come larger than the other type. Both kinds of spheres evi¬ 
dence signs of incipient dissolution. The acidophile spheres, 
especially in more advanced ])upae, be(*ome corroded and exca¬ 
vated. In the granular spheres the basophile granules become 
more or less diffuse and indistinct, and minute clear vacuoles 
may appear within the sphere. 

At this time there are also y)resent, within the fat-cells, as 
well as between fat-cells, about the muscles and oenocytes, 
and in the blood, masses and droplets of a formless material 
staining with iron-haematoxylin (fig. 41, r) wdth the same 
intensity as the granules in the fat-cells. Tn the sections 
larger and smaller masses of this material are found and 
one encounters larger masses which have pseudopodia-like 
buds on the surface, indicating the breaking up of the masses 
into smaller globules w’hich are found surrounding the mass 
and diminishing in size as they are farther removed, till in 
the free blood plasma they are reduced to the finest dust. The 
form of the larger masses indicates a liquid somew^hat more 
viscous than the blood wdiich has been coagulated in fixation, 
and it is probable that this material represents the reserves 
of the albuminoid spheres wdiich have gone into solution and 
are secreted by the cells and after dissolving in the blood are 
used in nourishing the developing imaginal tissues. 

d. Late pupa and imago. In the pupa and early imago the 
albuminoid inclusions gradually disappear from the cells, the 
large granular spheres dissolving most rapidly so that in 
images one day old only acidophile spheres remain in the 
fat-body. As the inclusions are used up, the fat-cells decrease 
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in size and in images several days old the fat cells are small 
and contain no albuminoids at all, but only the fat-vacuoles. 

At the time when the imago frees itself from the pupal skin 
a second defecation takes place \vhich removes the residue 
remaining from the disintegration of the alimentary epithe¬ 
lium of the prepupal instar. This residue consists in part of 
a substance coagulable in fixatives and in part of a brownish 
oil which, although readily staining with Sudan III, differs 
from the fat of the fat-cells in being insoluble in alcohol. It 
dissolves easily, however, in acetone. A few hours later the 
imaginal excrement consisting almost entirely of urate crys¬ 
tals begins to leave the anus, and is likewise deposited within 
the cocoon. 


THE EAT nUttINO THE METAMORPHOSIS 

It has been reported by Perez (’12), Bishop (’22, ’23), 
and others that, during the formation of the albuminoid gran¬ 
ules, the fat-vacuoles almost entirely disappear, and it is 
thought probable that the fat is used up in the production 
of the granules. 

Ill Pteronidea and Diphadnus it was found that fat-globules 
are present at all times, the quantity o^ fat in proportion to 
the other cell constituents, however, already suffers reduction 
in the last larval instar when rapid cell growth occurs and 
the fat does not increase in like proportion. During the pre¬ 
pupal stage there is some additional reduction of the fat- 
vacuoles which may indicate utilization of their contents in 
albuminoid production. In the fat-body of the imago, which 
contains almost nothing but fat, we probably have to do with 
the same fat which has survived until this time, while the 
granules have been used up, for now the fat-cells are much 
reduced in size and it is unnecessary to suppose the trans¬ 
formation of albuminoids into fat. 

In Macrocentrus the fat present in the cells is always con¬ 
siderable in quantity, and it is difficult to determine whether 
any portion of it has been used in the production of albu¬ 
minoids. In the peripheral fat-cells, in which large numbers 
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of granular spheres are formed during transformation, there 
seems to be a reduction in the amount of fat (compare figs. 
35 and 40). 

The continued presence of large amounts of fat throughout 
metamorphosis in the central fat-cells of Macrocentrus, a 
form in which voluminous albuminoids are stored during lar¬ 
val life and in which relatively few and then only granular 
spheres are added during metamorphosis, compared with the 
apparently diminished amount observed in Pteronidea, in 
which many acidophile spheres are formed at this time may 
serve as additional evidei>ce in favor of the view that fats 
are used up in the formation of albuminoids. It shows, too, 
that the fat is used mainly in the formation of those albumin¬ 
oid spheres which arc strongly acidopliile and which also 
stain intensely with iron haematoxylin. 

THE URATES IN THE FAT BODY 

Associated with the fat-cells and forming an important con¬ 
stituent of the fat body are the excretory or urate colls. 

i. Oriflin and development of the nrate cells in Pteronidea 

In Pteronidea and in Diphadnus these cells are limited 
entirely to the central fat-body. They are present in the first 
larval instar, but do not attain their maximum development 
until the last larval instar and do not function at all until the 
insect has begun to spin. They are always found at the 
periphery of the fat-cells, in younger larvae entirely em¬ 
bedded, occupying a vacuole in contact with the cell mem¬ 
brane (figs. 7, 8) in older larvae, and in the pupa they occupy 
a depression in the cell (figs. 16, 18, 20, 25), so that their 
surface is exposed to the body fluid. 

In the first instar, only a few of the fat-cells contain an 
embedded urate cell, at the end of the second instar the ma¬ 
jority of fat-cells have at least one such cell and the numbers 
are found to increase as the larva becomes older, so that 
when about to transform nearly every fat-cell shows on its 
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surface from tliree to six cells. In all save the last larval 
iiistar these cells are small, their mieleus is very condensed, 
somewhat smaller than that of the blood cells, and the cyto¬ 
plasm is very scanty (%s. 7, 8,13, 15). 

During- the last larval instar the nucleus enlarges and the 
cytoplasm increases in amount, and in the prepupa, as trans¬ 
formation begins, the cells begin to store concretions of urate 
and grow in size up to ^5 m (fig, 25). The urates in the func¬ 
tioning ctdls are i)resent in the form of sphaerocrystals, as in 
most insects, and under the microscope appear dark by trans¬ 
mitted light and a brilliant white by reflected light. 

As to the origin of the urate cells in the fat-body, there is 
no definite information in the literature. Some authors be¬ 
lieve them to be transformed fat-cells which, after losing 
their fat-vacuoles, assume the urate-storing function, others 
that they are distinct cells which never metabolize fats. Ber- 
lese believed that the nuclei of the excretory cells are derived 
by division or budding from the fat-cell nuclei, and Anglas 
(’02) concurs in this view. As already indicated, the urate 
cells become associated with the fat-cells in increasing num¬ 
bers throughout larval life, and the observations indicate 
that they are leucocytes which have become attached to, and 
finally embedded in, the fat-cells. Especially in the second 
instar are found here and there blood cells in contact with 
the surface of the fat-cells and at this time, too, the cells 
already embedded, or partly so, most closely resemble the 
leucocytes outside the cells. Once within the cell they show 
no further activity and never divide, but their cytoplasm be¬ 
comes more reduced, and in the nucleus the chromatin con¬ 
denses into a single chromatic mass. In this condition they 
remain until the last larval instar, when they grow larger in 
anticipation of their functioning during metamorphosis. As, 
during the prepupal stage, the sphaerocrystals of urate accu¬ 
mulate and grow, the cell increases in size, while the cyto¬ 
plasm becomes very scanty and the nucleus enlarges. 

At the time of the final molt and during the early imago 
stage, especially when the imago is still within the cocoon, 
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the urates a^ain disappear from th(» cells and are then found 
in the hindgut of the imago and are represented by the whit¬ 
ish material in the imaginal excrement. 

2. DevHopmeni of fhe urate cells in Macrocenirus 

In Macrocenirus, as already pointed out, excretory cells 
containing urate concretions an* already present in tlie first 
larval instar. These cells are as large or larger than the fat- 
cells among which they are intercalabul. They are found ex¬ 
clusively in the central fat-body, at first only in the abdomen, 
but later in the thorax also. During larval life these cells 
continue to enlarge and to amass urates (figs. 34, 36), and in 
the jireynipa and pupa become exceedingly large and promi- 
ii(*nt, attaining a size of 60 to 70 m, while the fat-cells are 
b(‘tw(*en 30 and 50 m in diameter. The nucleus in these fully 
developed urate cells is gn^atly distorted, occupying the inter¬ 
stices between the urate granules in the central region of 
the c(‘ll. 

Although two well-d(*velop(»d malpighian tubes are present 
in tin* larva and their lumen is filled with a secretion which 
s(‘ems to flow out between the large mass of glandular cells 
which forms a kind of plug filling the cavity of the hindgut 
and projecting slightly through the anus, the function of 
these could not be determined. The urates, as noted, remain 
in the excretory cells of tlie fat-body until the imago has 
emerged, and it is not until after the first day of imaginal 
life that they are remov(»d from the fat-body and transported 
in solution to the alimentary canal through the malpigliian 
tubes. During this time the imago still remains within the 
cocoon and the gradual disappearance of the concretions 
from the urate cells and their reappearance, again in the 
form of sphaerocrystals, in the hindgut and posterior end of 
the midgut is easily traced by fixing images from cocoons, at 
timed intervals, wnth absolute alcohol in which the urates are 
not soluble. While the transport of urates to the intestine 
is still going on, those already there continue to be voided 
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through the aims in the form of a continuous strand of white 
material which accumulates in the cocoon. 

3, Source and significance of the urate concretions 

The occurrence of uric acid or of its salts in the malpighian 
tubes and in the excreta of insects has been recognized since 
the discovery by Chaussier, in 1783, of an acid found in the 
excreta of the silkworm and the subsequent analysis of this 
substance by Brugnatelli, in 1815, according to Marchal’s 
(’89) paper. Then, in 1817, Bengger found that this sub¬ 
stance occurred also in the malpighian tubes and recognized 
in it an excretory product—^an interpretation confirmed in 
the following year by chemical analyses carried out by 
Wurzer. 

According to Leydig (’64), the occurrence of concrements 
of urate within the cells of animals was first described by 
Meckel in 1846, who found them in the kidney cells of Mol- 
lusca. In insects they were first reported by Faber in 1856, 
who found them in the fat-body of Sphecid larvae, and by 
Leydig, as observed in Lampyris and recorded in his Lehr- 
buch in 1857. Since that time urate concretions, occurring 
usually in the form of sphaerocrystals, have been described 
in many insects and their significance has been much dis¬ 
cussed. 

Berlese considered the urate concretions found in the fat- 
cells as products of intracellular activity, which cannot be 
eliminated during transformation because the malpighian 
tubes are not functioning at this time. Hollande (’14) be¬ 
lieves that the urates are formed only as the result of meta¬ 
bolic processes going on within the fat-cells, that the urates 
represent by-products formed during the production of al¬ 
buminoid granules by the breaking down of nucleoproteins 
into proteins and nucleic acid, which finally yields uric acid 
and is deposited in the form of urates. There are also other 
observations which support the view that urates are the 
result of the metabolic activity in the fat-cell. 
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In Callix)hora (Dip.), according to Perez (’10), and in 
Galernca (Col.), according to Poyarkoff (’10), as already 
pointed out, it is thought that the urates are stored within the 
albuminoid granules themselves, being visible as small em¬ 
bedded basophile particles, which stain readily with hae- 
malum. In other Coleoptera and in Lepidoptera, Berlese 
and others have found urates within the fat-cells. Finally, 
in the Hymenoptera, the urate concretions are accumulated 
in separate cells which serve no other function, but which 
are closely associated with the fat-cells. Monodontomerus 
(Ichn.), as reported by Berlese, constitutes an exception; in 
this species the urates are found within the fat-cells. 

Hollande (’14) believes also that urate accumulation in the 
fat-body does not depend upon the non-functioning of the 
malpighian tubes, because urates will pile up in the cells 
while the tubes are supposedly still functioning. Then it has 
been found by Philiptschenko (’07), according to Kreuscher, 
that the injection of urates apparently does not increase the 
amount present in the cells and that in certain insects, such 
as the Orthoptera (s. 1.), which do not undergo transforma¬ 
tion, we nevertheless have an accumulation of urates occur¬ 
ring. 

Still it would be difficult to prove that all the urate is the 
result of transformations of material in the fat-cells, since 
in insects which do not produce albuminoids we yet find 
urates in the fat-body. It is obvious, therefore, that the metab¬ 
olism going on in the remaining tissues, as well as that in the 
fat-cells, yields urate wastes. 

It is also diflScult to determine just when the malpighian 
tubes are functioning and when not. It seems better to con¬ 
sider the sudden beginning of urate deposition in the cells as 
a sign that the tubes have ceased to function, for in any case 
the great bulk of the concretions are formed at a time when 
the tubes are quite incapable of functioning. Then, too, when 
the tubes in the young imago of Macrocentrus begin to func¬ 
tion, these accumulated urates, which make up at least one- 
third of the contents of the abdomen, are excreted by the 
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malpighiaii tubes with surprising rapidity. So, in the Hymen- 
optera at least, the determining factor for urate deposition in 
Ihe fat-body is the condition of activity of the malpighian 
lubes. 


4. Urates hi 'non-holometaholic msects 

In the Thysanura and (-ollembola (Bruntz, ^04, ’08; Philipt- 
sehenko, ’06, ’07) and in tlie Ortlioptera (Ouenot, ’96), in¬ 
sects which do not undergo a complete transformation and 
in which the organs of elimination suffer no interruption of 
activity, it is difficult to understand why so much urate should 
accumulate in the fat-body. In Orthoptera (s. 1.), according 
to Cuenot, very considerable quantities of urate are stored 
in special urate cells in the fat-body throughout the life of the 
insect and in old images may constitute a major portion of 
the fat-body. This is especially true of Blattids, Fotrficulids, 
Grillids, and Locustids. In these the urates are in the form 
of large sphaerocrystals similar in appearance to those\in the 
Hymenoptera. In Mantids, Acridids, and in Gryllotalpm the 
urate cells ramify among the fat-cells, and the included 
crystals are comparatively small. Cuenot reports the eiatire 
absence of urates in the malpighian tubes except for siipall 
amounts together with uric acid which he finds in the wli^ite 
malpighian tubes of Gryllotalpa. Others have report’ed 
sodium urate in the tubes of Gryllus and Periplaneta, and 
calcium oxalate has also been reported in some forms. 

The urates found in Orthoptera differ from those.in thie 
Pteronidea and Macrocentrus (Hymenoptera), When fixed 
with sublimate and sectioned and stained by ordinary' 
methods, the orthopteran urate crystals are preserved on the 
slides, apparently being insoluble in water. They are dis¬ 
solved, however, by Flemming’s fluid, which contains chromic 
and acetic acids. In the Hymenoptera described in this paper 
the concrements are readily soluble in water and weak 
alcohols. May this difference in solubility be associated with 
the excretion or non-excretion of these compounds by way of 
the excretory organs? Perhaps not, for in Collembola, ac- 
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cording to Philiptsehenko (’Ott), ar(» found water-soluble 
urates accumulating and remaining in the body. Might the 
fate of the urates be a mere matter of expediency? Their 
presence in the Orthoptera appanmtly does not inconvenience 
these insects, wliile in tln^ more agile Hyrnenoptera they would 
surely bo a handicap. 

THE ALHEMINOIl) INCLUSIONS 

The accompanying table is an abridged compilation of 
observations recorded by various authors, on the time of 
appearance, development, and staining reaction of the ah 
t)uminoid sj)heres found in the fat-cells. Since the data have 
been gathered from diverse* sources, from observations made 
witli different fixatives and stains, from studies in which the 
albuminoids have received uneeiual attention, it was found 
necessary, in order to make* a ce)mparison possible, te) refer 
all the albuminoid inclusions te) either of two groups. 

The has()'j)hUe ,^pherrs are those whiedi assume a me)re or 
less intense violet ce)lor when staineel with haemalum. In 
this gre)up be*lojig s]:)h(*res wliich stain very strongly, ap- 
y)re)aching the ce)le)r ejf nuclear substances, as well as the)se 
spheres in which the staining substance is more diffuse anel is 
mingled with acido])hile material. 

The acidophile spheres incluele all lhe)se whicli are variously 
el(*scribeel as being either *acidoj)liile,’ ‘eosinophile,’ ‘cyto¬ 
plasmic,’ ‘hyaline,’ or ‘crystalloidal.’ They are again a some¬ 
what heterogeneous group, since wide differences exist in 
their affinity for iron-haemaloxylin and in tlieir optical proper¬ 
ties, but they have in common an entire lack of affinity for 
haemalum, at least never becoming vdolet wdien this dye is 
used. 

i. The basophile suhsiance 

An examination of the table wdll show’' that at least some 
albuminoid spheres which contain basophile material are 
present in the fat-cells of the great majority of the species 
which have been examined. 



TABLiE 1 

Types of albuminoid spheres in the holometaholic insects 

«KN1TH STU1>1JC1> (with 80UBCB)j IN BAULY l^ARVA } IN HATUKK I<ABVA AND PRRPUPA 


H 3 inenoptera 


Pteronidea (this paper) 

None 

Basic (small granular), give rise to 

Acid (with a basic exterior shell) 

Maeroeeutrua (this paper) 

Acid 

Acid (the same as in larva) 

Basic (coarsely granular) 

Hylotoma (Berlesc) 

None 

Acid (a few) 

Basic 

Calliroa (Berlese) 

None 

Basic 

Monoflontomerus (Berlose) 


Basic (feebly so) 

Acid 

O^'iiipa (Berlese) 

None 

Basic 

Acid (in peripheral parts of cells) 

Nasouia (Tie^ja) 

Acid (small) 

Acid 

Pheidole (Berlese) 

Acid 

Basic (in central parts of cells) 

(minute) 

Acid (in peripheral parts of cells) 

Formica (Perez) 

Acid 

Acid 

Polistes (Berlese) 

None 

Acid (small), becoming 

Basic (nearer the nucleus) 

Apis (Berlese) 

Minute 

Basic (feebly so), becoming 

Hollowed (feebly basic) 

Apis (Bishop) 

None 

Basic, becoming 

Hollowed ( sligh tly basic ) 


Lepidoptera 

Pier is (Berlese) 

Basic 

Basic 

(small) 

Acid (confined to central fat-cells) 

Pieris (Nakahara) 

Acid 

Acid, becoming 

Basic 

Ilyponomouta (Berlese) 

None 

Basic, in some cells, near nucleus 

Acid, in peripheral parts of cells 

H.yponomeuta (Hufoagel) 

None 

Acid (crystalloidal) 

Basic (slightly) 

Bomb.vx (Berlese) 

None 

Acid 

Vanessa (Hollande) 

None 

Basic, becoming 

Acid 


Coleoptera 

Sitodrepa (Berlese) 

Acid 

Acid 


(small) 

Basic (slightly) 

Aphodius, Cocciiiella, 

Acid 

Acid 

Liampyris (Berlese) 

(small) 


Galeruea (Poyarkoff) | 

1 

Acid 

Acid, some becoming 

Hollowed (with banc exterior) 

Dytiseus (Kreuseher) j 

None 

Acid, and also some 



Basic (according to L c. fig. 13) 


Diptora 

Calliphora (Berlese) 

None 

Acid, becoming 

Basie (somein form of ^pseudonuclei’) 

Calliphora (Perez) 

None 

Acid, some of which become 

Basic (slightly) ; others, * pseudonuclei^ 


166 
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This basophile substance, because of its staining affinities, 
its usual propinquity to the nucleus, and the nuclear changes 
observed in some forms at the time of its a^jpearance, is 
thought to be derived from the nucleus. Concerning its 
origin and significance, a number of theories have been put 
forward. In general, either the basophile material is con¬ 
sidered as the starting-point, the siiheres when first formed 
being basophile and later developing into spheres whicli are 
less basic or even acidophile, or the acidophile type may be 
considered as the original kind of allmminoid sphere which 
later may acquire a more or less basophile character. 

In the honey bee. Bishop (’22, ’23) describes solution and 
ruijture of the nuclear membrane followed by an invasion 
of the cytoplasm by basophile nuclear granules, induced in 
part by the pressure of the fat-vacuoles which have migrated 
inward from the cell periphery. These granules grow by the 
addition of materials absorbed from the cytoplasm, becoming 
less and less basophile, until finally they stain only with cyto¬ 
plasmic dyes. It appears, according to this author, that the 
basophile material contains an active agent or enzyme whicli 
acts upon substances in the cytoplasm, converting them into 
the albuminoid spheres. Each basophile nuclear granule 
gives rise to one albuminoid sphere, the basophile material 
diffusing and becoming less stainable as the sphere grows in 
size. 

Hollande (’14), in a careful study on the formation of 
albuminoids in Vanessa (Lepid.), also describes the appear¬ 
ance of basophile granules in the region about the nucleus. 
These he designates as ‘cliromatinoid substances’; they grow 
and transform into ‘protein’ spheres staining with lichtgriin. 
The protein spheres finally transform into ‘crystalloid al¬ 
buminoids. ’ 

Berlese (’99-’01, ’02), especially in his description of the 
fat-cells of Calliphora (Dip.), describes the intracellular di¬ 
gestion of albuminoid substances. These substances, derived 
from the histolysis of larval tissues, are taken into the fat- 
cells where they form acidophile spheres, which, as they ap- 
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j)roadi the iiueleiis, are acted ui)on by enzymes derived from 
tlie nucleus, and the basophile granules in the spheres are the 
visible form of these enzymes. Tliese albuminoid spheres 
containing basophile granules were named ‘pseudonuclei’ by 
Berlese, since they were mistaken by certain previous workers 
for tlie aiuclei of leucocytes which had penetrated the fat- 
cells or for the nuclei of daughter cells formed within the fat¬ 
cell. 

More recent careful investigations on Calliphora by Perez 
(’10) largely confirm the observations of Berlese. However, 
the interpretations are different, Perez, as already pointed 
out, maintaining that the basophile jaarticles referred to are 
urate granules. 

The observations reported in the present paper indicate 
that, in Pteronidea and in Diphadnus, the progenitors of the 
mature albuminoid spheres are small basophile spheres which 
grow by the accumulalion within their interior of acidophile 
material. As this growth proceeds, the granular basophile 
material remains as a peripheral layer which becomes less 
and less stainable. The striking changes in the form of the 
nucleus, its reduction in volume, and the condition of the nu¬ 
clear membrane, all indicate that the bulk of the material of 
the nucleus is being transferred into the cytoplasm. Since 
this happens during or just previous to the first appearance 
of basophile spheres in the cytoplasm, it seems reasonable to 
consider this material from the nucleus as being the substance 
out of which the spheres are formed. 

The observations on the fat-cells of Macrocentrus indicate 
a relation of nuclear changes to the appearance of basophile 
spheres similar to that found in the two Tenthredinids. In 
their subsequent development, however, the basophile spheres 
of the Ichneumonid behave differently. They not only remain 
more strongly basophile, but the densely staining granules in 
them are rather coarse and are evenly distributed in a more 
scanty matrix which never becomes strongly acidophile. 

From the information so far obtained, the basophile sub¬ 
stances found in the cytosome of the fat-cells during meta- 
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inor})hosiH miiHt bo coiisidorod as having tlioir origin in the 
nucloiis. They have passed out of tin* nuel(3us by diffusion 
through the nuclear membrane, or in some forms apparently 
as discrete ])articles following a temporary dissolution of 
the membrane. Functionally, these l)asophile substances may 
possibly represent a kind of enzyme necessary either to 
initiate the formation of allmminoid s})heres or, when such 
spheres are already present, to catalyze intrac(‘llular diges> 
tioii. 

The aridnphilr substance^ 

As already indicated, acidojdiile spheres may develo]) out of 
smaller, basopliile spheres. This is seen especially well in 
Pteronidea. In the cells of this species the developing spheres 
become^ internally acidophile, while the basopliile material 
remains only as a thin superticial layer which in material fixed 
in warm Bio is (uitirely invisibh^. In this same material it is 
also observed that the acidophile substance first passes 
through a stage in which it is unstainable with iron-hae- 
matoxylin—a condition which parallels the descriptions of 
Hollande, already referred to. Finally, however, these acido¬ 
phile spheres all stain intensely with iron-haematoxylin and, 
when fully developed, especially in the abdomen, may become 
refracting bodies wliich stain translucently black and resemble 
the crystalloids described in Macrocentrus. 

Hufnagel (T8), in her description of the fat-cells in Hy- 
ponomeuta (Lepid.), also finds crystalloidal acidophile al¬ 
buminoids which are es])ecially large and numerous in the 
abdomen. In the thorax they are more varied in size and less 
crystalloidal in appearance. 

In Macrocentrus, acidophile albuminoids are found very 
early in larval life. Such an early appearance of these bodies 
is uncommon in insects, but has been recorded, notably by 
Perez (^02), in the ant. These acidophile spheres in Macro¬ 
centrus are rather strongly refracting, stain translucently 
with iron-haematoxylin, and appear to be crystalloidal in 
structure. There is no basopliile material associated with 
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tlioir origin, nor do they appear to bear any direct relation 
to the nucleus. During transformation a few of these spheres 
may become partly embedded in or enclosed by the developing 
basophile spheres formed at this time. 

Our information regarding the acidophile inclusions in the 
fat cells of insects leads to the conclusion that they are pas¬ 
sive reserve substances, formed gradually during larval life 
through the activity of the surrounding protoplasm, or 
formed very rapidly at the time of metamorphosis in associa¬ 
tion with a basophile substance of nuclear origin. In either 
ease, in their final form they may become more or less re¬ 
fracting. 

3, The fate of the albuminoids 

Whatever their mode of origin or their final appearance, 
the albuminoid inclusions all share the same fate. They are 
dissolved within the cells and the resulting products diffuse 
into the blood during prepupal, pupal, and early imaginal life. 
In Pteronidea the more highly refracting spheres remain in 
the cells longest, the others seem to be more readily subject 
to dissolution. In Macrocentrus this relation is again ob¬ 
served, the crystalloids dissolve more slowly, becoming cor¬ 
roded on the exterior, and are still present in young imagos 
in which basophile granular spheres are no longer found. The 
latter also dissolve in a different manner, they become lighter, 
more diffusely staining, and contain small vacuoles within. 
Degenerative processes seem to be going on throughout the 
mass of the sphere as if due to internal causes, or, if the 
dissolution is due to agents in the cytoplasm, that these are 
able to diffuse into the basophile spheres, while they attack 
the crystalloids only on the surface. 

4, Other theories concerning cell inclusions 

o. The gramila theory. According to the theories of Alt- 
mann and his followers, certain granula play an important 
role in the transformation of substances within cells. Meta¬ 
bolic exchanges involving fats, proteins, and carbohydrates 
are all believed dependent upon the activity of these granules. 
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We have found that in insects definite ^i|:ranular material 
derived from the nucleus is associated in an active way with 
the formation of albuminoid spheres during metamorpliosis. 
And if fat is also used in the building up of these splieres, 
then the somewliat basophile granules described are certainly 
of importance not only in transformations involving proteins 
or albuminoid substances, but also in tlie metabolism of fat. 
The albuminoid spheres themselves, however, cannot be re- 
gard(‘d as analogous to the granula of Altmann. 

Bogdanoff ('98) describes granules occurring in c(»rtain 
cells in the bone marrow of frogs. These granules transform 
into fat, fusing together into larger masses, and the cells 
thus become fat-cells. Since th<‘se gi’anules stain intensely 
with iron-haematoxylin an<l hold this stain as tenaciously as 
do the nucleoli of the cells and also yolk granules from hen’s 
eggs, mixed with albumin and sectioned, Bogdanoff concludes 
that they r(ipresent nuclear secretion products resembling 
yolk. Pospeloff (’98) ])elieves that the albuminoid granules 
described in Dytiscus are associated with fat formation. And 
Popoif (’K)), in imagos of the housefly, believes that the 
chromidia, whose origin is traced to the nucleus, give rise 
to the fat by a series of regressive changes. 

Since, however, in the fat-cells of insects no i)henomenon is 
more evident than the deposition of fat-droplets and the dis- 
appc^arance of the same at times when no granules at all 
are visible in the cells, it is evident that fat exchanges are not 
dependent upon the presence of granules and that universality 
cannot be claimed for the theories of Altmann and others 
regarding such an association. 

fc. The origin of yolk. The appearance of basophile ma¬ 
terial in the cytoplasm of the fat-cells of insects at the time 
of formation of cell inclusions calls to mind the theories of 
R. Hertwig (’07) and of Goldschmidt (’04) regarding the 
origin and function of chromidia and also the numerous 
papers which have appeared describing the formation of the 
yolk spheres in the developing eggs of various animals, espe¬ 
cially coelenterates and ecliinoderms. According to Hertwig 
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iind (Toldschmidt, the chromidia or the cliromidial apparatus 
lias its ori^^iii in the nucleus, it is the ‘trophochromatin’ which 
lias jiassed into the cytoplasm to take part in the purely 
vegetative functions of the cell. Such an extrusion of 
chromatic particles from the nucleus has since been described 
as occurring in egg cells by a number of authors. Small¬ 
wood (’09), Schaxel (’10, ’ll), 0. T. Ilargitt (’13, ’10), and 
Danchakoff (’10) find, in addition, that the yolk spheres in 
the egg develop out of these chromidia, or at least in close 
association with them. Ludford (’21), however, finds the 
yolk is formed by Golgi bodies, and not ])y the fragments of 
nuclear malorial which are also present in the cytoplasm. 

Other authors, including King (’08), Jorgensen (’10), and 
Beckwith (’14) (on amphibia and eoelenterates), also de¬ 
scribe the formation of yolk spheres, but find that there is no 
active participation of chromatic nuclear particles involved. 
They believe, as did Carnoy and Ijebriin (’98), that the nu¬ 
cleus may take part in yolk formation by liberating dissolved 
substances which may react with the cytoplasm. 

(\ Mitochondria, Finally, the formation of albuminoid 
s])heros lias been linked with the activity of mitochondria. 

Vej<lovsky (’25), in studying the fat-cells of the honey bee, 
lias apparently confused some of the cell inclusions. The 
empty vacuoles in sectioned material which in the fresh cells 
contain globules of fat he refers to as Giyaline vacuoles.’ The 
spheres which stain uniformly with iron-haematoxylin and 
red with fuchsin he considers as fat and describes their mode 
of origin. These granules, he states, are formed in relation 
to minute mitochondria which are associated with little un¬ 
colored globules. The uncolored portion transforms into fat 
which forms as a little calotte upon the plastomerite or mito¬ 
chondrial body. The illustrations showing groups of these 
rounded objects together giving rise to large spheres of fat 
or fatty substance are suggestive of the granular spheres and 
their association vith achromatic material as seen in Pteron- 
idea and in Macroc.uitrus, the fatty calotte being the unstained 
matrix; the x^lastomferites, the granules. The ^fat’ with which 
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Vejdovsky’s observations deal stains li^ji^ht red with fuehsin 
and gray with irori-haematoxylin, it is not osmiophile and 
resists the solvent aetion of the reagcnits used in ])repara- 
tion—reactions wliicli ar(» all characteristic of the elements 
described by others as albuminoid granules and whose nature 
is indicated by their affinity for eosiii, picric acid, and other 
dyes and the yellowish color tlu^y yield in the xanthoproteic 
reaction. Vej<lovsky ])eli(‘V'es liis observations to correspond 
to those of P'’aure-Fremi(‘t, who observed osmiopliile granules 
in Paramecium. In these granules, blackened with osmic acid, 
when treated with alcohol or other fat solvents, a ])art, sup¬ 
posedly r(»presenting the fatty portion, fades out, while the 
remainder, representing the mitochondrial moiety, remains. 
Since in both Pteronidea and Macro(*entrus it was observed 
that, in osmium })reparations of fat-cells, tlic blackened fat- 
droplets may either persist or disai)pear wh(»n mounted in 
l)alsam, sometimes entirely, sometim(‘s in part, depending 
upon the degree of osmitication, it seems that this method is 
not always entirely dej)endable. 

It might be noted here that in the present investigation on 
Pteronidea it was found that, in unstained sections mounted 
in balsam, the albuminoids in cells fixed with (^harnpy or 
Flemming were not blackened by the osmic acid, although 
the large fat-droplets in the same cells were entirely black. 

Paillot and Noel (’26) have also descril)ed the formation of 
albuminoids as associated with mitochondria. In Bombyx and 
in Pieris these authors describe mitochondria in the form of 
short threads, upon which appear swellings which gradually 
enlarge to form the albuminoid sphen^s. When these sydieres 
become resorbed the mitochondria are again visible. . 

Similarly, in other forms and in other types of cells, mito¬ 
chondria have been thought responsible for the formation of 
cell inclusions, such as yolk and fat (Arnold, ’14; Schreiner, 
’15; Saguchi, ’20; Hibbard, ’22). The mitochondria involved 
are described in some forms as originating in the nucleus— 
a circumstance which, according to one theory (Duesberg, 
’12, cited from Schreiner, ’15), would indicate that they are 
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not trno initoehoiidria. None of the substances described 
in the present paper can be interpreted as mitochondria, since 
they persist in cells which have been fixed with solutions con¬ 
taining considerable acetic acid, such as Bouin’s. However, 
it is interesting to note the way in wdiich mitochondria (in 
this case derived from fat-droplets) give rise to yolk plates 
in the Echinoderm eggs described by Hibbard (^22). In 
these eggs yolk is observed to accumulate within the interior 
of the mitochondrial granules, and as development continues 
yolk plates are formed upon the surface of which the mito¬ 
chondrial substance is still seen. Such a development paral¬ 
lels somewhat the method of formation of the albuminoid 
spheres in Pteronidea and Diphadnus, although the substances 
involved differ. 

INTERPRETATIONS OF 1NTRA(^ELLULAH CHANGES 

2. Fat and glycogen 

Information regarding the significance of these intracellu¬ 
lar changes has as yet not attained beyond the recognition of 
the more obvious inferences which may be derived from the 
observations recorded. It is found thuit the fat-cells during 
larval life develop as do the other tissues of the body and, 
in addition, are specialized as reservoirs of reserve food ma¬ 
terials. The principal inert vehicle for stored energy is the 
fat. Glycogen may be present, as pointed out by Nakahara 
(’17), diffusely, but w^as not found to exist, in the shape of 
formed bodies definitely recognizable by the iodine or Best’s 
carmine tests, in Pteronidea. 

2, The albumhioids 

An additional reserve element is the albuminoid granules 
which, as already pointed out, do not display any regularity 
ill the time of their appearance in the different orders. As 
may be seen from Berlese’s papers, from Henneguy’s (’04) 
account, and from individual observations since, albuminoids 
are never present in young dipterous larvae, but make their 
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appearance at the beginning- of transformation. In Lepi- 
(loptera they are found in tlie larva of Pi(»ris, but not in tin* 
larva of Bombyx and Hyponomeida, wdiich lias suggested 
correlation with the amount of silk produced. In (^ileoptera 
certain phytophagus and a caprojihagus siiecies have albumin¬ 
oids in the larva, while in the carnivorous Dytiscus they do 
not form until the end of larval life. In Hyineno])tera they 
are found in younger lai'va of Trojiinoma, Formica (Formici- 
dae), (Vnips ((Jyni]udae), Nasonia ((.'halcidae), and Macro- 
centrus (rchneumonidae). In other forms, Falliroa, Pteroni- 
dea, Diphadnus (Tenthredinidae), Polistes (Vespi<la(0, and 
A])is (Apidae), th(‘y ajipear first at tlie lieginning of the meta- 
morpliosis. In the carnivorous Neuroptera granules are 
formed during larval life, while in the Phryganeids (Trich- 
optera) they do not appear until transformation. Finally, in 
the termites, according to Feytaud (’12), granules have l)e(*n 
found in young individuals, but not in old, mature on(*s. 
From those data it is not jmssible to associate the apiiearance 
of albuminoids with larval feeding habits. 

.V. The, sHfuificaHce <*f the alhnni 'woids 

The functional signiiicanee of albuminoid j>r()duction dur¬ 
ing metamorphosis has generally been thought to lie in the 
conv(*rsion of all fat-cell reserves into one type of reserve 
element which is subse(piently resorbed and })assed in soluble 
form into the blood to nourish the developing tissues. 

In Pteronidea and in Macrocentrus it is found that the 
formation of albuminoids associated with metamorjdiosis does 
not begin until absorption of food has ceased. In Macro¬ 
centrus digestion still continues in the spinning prepupa and 
the new albuminoids do not appear till the end of the spinning 
phase. In Pteronidea the prepupal alimentary canal is empty 
even before spinning begins and again it is noted that nuclear 
changes and granule formation begin as soon as the ali¬ 
mentary canal has been emptied. Such conditions indicate 
that fat-cell changes are not initiated until these cells have 
ceased assimilating materials absorbed by the intestine— 
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until the cells have attained their maximum growth. In the 
prepupa of Pteronidea, wliich is beginning to spin, granule 
production in the fat-cells is well under way (figs. 22 to 24). 
There is at this time very little evidence of histolysis of larval 
organs, the only signs of such changes arc seen in the anterior 
part of the midgut epithelium where cells are beginning to 
loosen and in the cells of the segmental ventral abdominal 
glands which consist of invaginated portions of the hypoder- 
mis functioning only in the larva. 

This evidence is ample to demonstrate that the albuminoids 
are not formed out of materials derived from the histolysis 
of larval tissues, as has been suggested, for the histolysis 
which has occurred up to the time when the granules are over 
one-half formed is too slight to be of significance. In a pre¬ 
pupa in which the albuminoids have fully developed (fig. 25) 
we find that histolysis is well under way, though not nearly 
half the larval tissues have been removed. In the head are 
seen <he vacuolated remains of the larval mandibular muscles 
surrounded and mingled with proliferating muscle nuclei and 
in the abdomen new muscles have begun to form, although 
the larval muscles have just begun to show signs of disintegra¬ 
tion. The acini of the spinning glands 'are still present, but 
are beginning to degenerate, the imaginal salivary glands 
are forming about the degenerating larval ones, and in the 
hypodermis there are everywhere many mitotic figures indi¬ 
cating a rapid proliferation of imaginal cells. At this time 
the tat-cell reserves are not yet extensively called upon, for 
the histolysis of the larval tissues must yield considerable 
food material. 

At the end of the prepupal instar and in the pupa and 
imago, however, when histolysis has been completed, food 
for growth and to satisfy energy requirements must be ob¬ 
tained from the fat-cells which are now filled with albuminoids 
and fat. Since in insects as well as in other organisms the 
fat-cells may act as organs of reserve, taking up fat and 
again liberating it into the blood when required without the 
production of albuminoid granules, the meaning of such 
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^(raiiules at the time of metamorphosis remains obscure. The 
sug^^estion has been made (PopolT, ’08) that the formation 
of cell inclusions, such as yolk, fat, and glycogen, is a si^rn of 
depressed (‘gelahmto’) cell activity, that it is an expression 
of the inabilily of the cell to complete^ the organic synthesis 
of absorbed materials. In regard to the formation, in egg 
cells, of deutoplasmic inclusions derived from the protoplasm, 
he states (1. c., p. 373) that ‘S^erschiedene organische Zellbes- 
tandteile verfallen allmahlich in folge der schweren Funk- 
tionsstorungen einer regressiven Metamorphose und geben 
nach dieser Weise den Ursprung niederer Stufen organischer 
Verbindungen: es biklen sich Dotter, Fett, u. s. w.” In hy- 
menopterous fat-cells we might also refer to the changes going 
on during the metamorphosis as being regressive in nature 
in that the albuminoid spheres produced an^ chemically more 
sim])le in comyjosition than the protoplasm out of which they 
are in part formed. There is, however, nothing to indicate 
a d(‘pression in cell activity. On tlie contrary, the large scale 
transformations of fat and cytoplasmic materials which take 
place and the nuclear changes accompanying these indicate a 
tremendous acceleration in cell activity. This phenomenon 
of the transformation of cell constituents suggests that the 
fat-cells are not only reservoirs of reserve food, but that they 
also actively make over the reserves which they contain into 
the albuminoid spheres as representing a form whicll may 
possibly be more soluble, easily transported, or more readily 
available for assimilation—a form which is at all events the 
one actually utilized for tissue growth during the metamor¬ 
phosis of the insect. 
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SUMMARY 

1. A comparative study of xjublished statements concerning 
the microscopic anatomy and the imstembryonic development 
of the fat-body in the various holometabolic orders, combined 
with the observations recorded in the yjresent paper, indicate 
that the fat-body in the Hymenoptera is characterized by, 

1) the absence of mitotic divisions in fat-cells during post- 
embryonic life, except in the recently hatched bee larva; 

2) the presence in the fat-cells of fat and albuminoids, the 
latter in some forms appearing early in larval life, in others 
not until the inception of the metamorphosis; 3) the disap¬ 
pearance during the metamorphosis of many fat-cells, by 
histolysis after the resorption of their inclusions, and in some 
forms by the possible phagocytosis of many cells; 4) the 
survival of larval cells to form the imaginal fat-body; 5) the 
existen(*e in all forms recorded, except Monodontomerus 
(Ichneumonid.) of separate excretory or urate cells. 

2. The excretory function is taken care of during the trans¬ 
formation in Pteronidea and Diphadnus and, during the entire 
preiniaginal life in Macrocentrus, by special urate cells 
closeF)" associated with the fat-cells. The accumulation of the 
water-soluble concretions of urate in these cells is coincident 
with the period of non-functioning, as urate eliminators, of the 
malpighian tubes. After the final ecdysis these urates are 
eliminated rapidly by means of the imaginal malpighian tubes. 

3. The urate cells in the fat-body of Pteronidea have their 
origin in leucocytes which have become embedded in the sur¬ 
face of the fat-cells during the course of larval life. 

4. In the albuminoid inclusions found in the fat-cells two 
types of substance are distinguished: a) Basophile material, 
of nuclear origin, found in the cytosome in the form of small 
granules or granular aggregations and appearing only during 
the metamorphosis. In Macrocentrus this material takes part 
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in the formation of large albuminoid spheres consisting of 
masses of, at most, feebly acidophile material filled with 
numerous coarse basophile granules. Such spheres never 
become strongly acidophile. In Pteronidea the basophile 
substance, found in the cytosomc^ in the form of small granular 
basoj)hile spheres, gives rise to large, strongly acidophile 
spheres. In these spheres the original basophile material 
may remain as a thin, lightly staining layer on the surface. 
Before the aeidox)hile sj)heres arc fully developed, they pass 
through certain intermediate cfinditions, as indicated by their 
changing affinities for iron-haematoxylin. b) Acidophile ma¬ 
terial in the form of albuminoid spheres whicli may, as in 
Alacroceiitrus, originate during larval life in the absence of 
any basojdiile substance, or which may be formed, as is the 
case in Pteronidea and Diphadiius, at the time of the meta¬ 
morphosis and in intimate association with a basophile sub¬ 
stance of nuclear origin. 

It is thus found that, when albuminoids are formed slowly 
<luring larval life, they may exist from the beginning in the 
form of crystalloidal, highly acidophile spheres. But when 
formed rapidly, as occurs during the metamorphosis in 
Pteronidea, they are formed in association with basophile 
material of nuclear origin and undergo visible transmutations, 
as recognized by their staining affinities, before finally be¬ 
coming highly acidophile. 

5. The fat accumulated during larval life in Pteronidea and 
Diphadnus appears to suffer a diminution in quantity during 
the metamorphosis, at a time when the acidophile albuminoids 
are being formed in^the cells. In Macrocentrus, in which 
copious acidophile albuminoids in addition to the fat-globules 
are formed during the course of larval life and in which there 
are no additional acidophile albuminoids produced during the 
metamorphosis, there is no apparent diminution in the fat- 
content of the cells. This observation substantiates the 
theory that fat may be used in the production of albuminoids. 
It also demonstrates particularly that it is the acidophile in¬ 
clusions, rather than those which remain predominently baso¬ 
phile, in whose formation fat is utilized. 
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EXPLANATION OF PLATES 

The figures on pJates 1 to 4 are reprodaetions, reduced one-half, of drawings 
made with the aid of a camera lucida. A Spencer microscope with a 1.8-mm. 
achromatic objective was used, and all drawings were made at table level under 
the following conditions: for plate 1, ocular 12x, tube length 165 mm.; for 
plates 2 and 3 (except figs. 29 to 31), oeulai* 6x, tube length 147 mm., and for 
plate 4, ocular lOx, tube length 173 mm. 

Plates 5 and 6 contain reproductions of photographs taken with the aid of a 
Leitz apparatus, using a Zeiss microscope with a 4-mm. adjustable apochromatic 
objw'tive and a 6 comi)en8ating ocular. The magnification of the individual ex¬ 
posures is approximately that of the corresponding drawings made from the 
same objects, as reproduced on plates 2 to 4. 

Unless otherwise noted, the figures are from serial sections, cut in paraffin at 
6 to 8 iit. 


ABBRF.VIATIONS 

a, acidophile albuminoid sphere /i, hypodermis 

h, basophile albuminiiid sphere /, leucocyte 

c, constituent of fat cells and of blood, ut\ urate cell 

probably the product of dissolution 

of albuminoids 

Note. The clear areas in the drawings of fat-cells represent fat-vacuoles from 
which the fat has been dissolved out by the reagents used in preparing the slides, 

PLATE 1 

EXPLANATION OF FIGURES 

Cells from the fat-body of larvae of Pteronidea ribesi (Scopoli) fixed in warm 
Alienas B15, stained with iron-haeinatoxylin. X 1000. 

1 Peripheral fat-cell of embryo, two leucocytes are also seen. 

2 (-eiitral fat-cells of the same embryo. 

3 Peripheral fat-cell of a first instar larvae, several letteoeytos are attached 
to the fat-cell. 

4 Central fat-cells from the same larva. 

5 Peripheral fat-cells from the same larva. 

6 Peripheral fat-cells from another larva in the first instar. 

7 and 10 Central and peripheral fat-cells, respectively, of a larva in the second 
instar; central fat-cell contains an embedded urate cell. 

8 and 9 Central and pt^ripheral fat-cells of another larva in the second instar; 
a colony of leucocytes is attached to the peripheral fat-cells. 

11 Cells from the central fat-body of a third-instar larva. 

12 Peripheral fat-cell with a colony of leucocytes attached to it, from the 
same larva. Some of the leucocytes arc developing into free amoebocytes. 

13 and 14 Cells from central and {leripheral fat-body, respectively, of a fourth- 
instar larva. 

15 Ontral fat-cell of another larva in the fourth instar. 
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PLATE 2 

EXPLANATION OP P10UEE8 

Cells of the fat-body from larval and prcpupal instars of Pteronidea ribesi 
(ficopoli) (figs. 16 to 19, 21, 22) and from prepnpal instar of Diphadnns appen- 
diculata (Ilartig) (fig. 20). Stained with iron-haematoxyliii) except figure 21 
which is stained with hacmalum and orange G. X 500. 

16 and 17 Colls from central and peripheral fat-body, respectively, of imma¬ 
ture last larval instar. Fixed in Flemming’s fluid, fat-droplets blackened by 
osniic acid. Photograph of the cell in figure 16, in figure 44. 

18 Half of a central fat-cell from a full-grown last larval instar, fixed in 
warm Allen’s H15, Photograph of entire cell in figure 46. 

19 Half of a central fat-cell from prepupal instar which had just molted and 
not yet begun spinning. Fixed in Champy’s fluid. 

20 Central fat-cell from the prepupal instar which was beginning to spin its 
cocoon. Fixt*d in warm Allen’s Bl.'i. 

21 Cell of approximately the same stage as figure 20. Fixed in absolute 
alcohol. 

22 Cell of central fat-body from thorax of a spinniAg prepupal instar. Fixed 
in warm Allen’s B15. Photograph in figure 45. 
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PLATE 3 

EXPLANATION OF FIGURES 

evils from the fat-bo<ly of prepupal, pupal, and imaginal instars of IHcronidoa 
rihpsi (Scopoli) (figs. 123, 24, 26, 27, 29, 31) and of Piphadnus appendiculatus 
(Ilartig) (tigs. 25, 28). Piguros 23 to 28, X 500; figures 29 to 31, X 120. 

23 and 24 Cells from the peripheral fat-body of thorax and abdomen, respec¬ 
tively, of a spinning ])r<*pupa. Fixed in Alienas B15, stained with iron-haema- 
toxylin. 

25 Half of a c(‘ntral fat-cell from abdomen of a prepupa three days old. 
Fixation and staining as above. 

26 Half of a central fat cell of a two-day-old prepupa. Fixed in absolute 
alcohol, stained with liaemalum and orange 0. 

27 Half of a central fat-cell from the abdomen of a prepupa. Fixed in 
('hampy’s fluid, stained with iron-haetiialoxylin. Phot(»graph in figure 47. 

28 Fat-cell from the thorax of a young imago still within its cocoon. Fixed 
in Allen V B15, stained wdh iron-haematox\hn. Photograph in figure 48. 

29 A lobe of the fat-body from an imago still in its cocoon. Drawn from 
fresh material stained with sudan III. 

30 and 31 Fat-cells from the abdomen of a somewhat older imago. Smear 
preparation; fixed in formalin, stained with haemalum and sudan ITT. 
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PLATE 4 

EXPLANATION OF FIGURES 

Cells from the f.Tt-body of Macroeontrus ancylivora Rohwer. Figures 33 to 36, 
41, are from sectioned material fixed in warm Allen's B15 (except fig. 32, fixed in 
Schaudinn's) and stained with iron-haematoxylin. Figures 37 to 40, 42, are from 
smear preparations fixed in 4 per cent formalin, and stained with haemalum 
and orange G. X 930. 

32 CJells from central fat-body of first-instar larva. 

33 an<l 34 Cells from peripheral and central fat body, respectively, of second 
iiistar larva. In figure 34, the middle cell in the upper row is a urate coll. 

35 and 36 Cells from peripheral and central fat-body, respectively, of a third- 
instar larva. The cell on the left is a urate cell. Photograph in figure 43. 

37 Central fat-cell of prepupal instar; spinning under way. 

38 Coll from central fat-body of a prepupal instar at a lHt(*r stage. I'hoto- 
graph in figure 49. 

39 and 40 (Vlls from central and i>eripheral fat-body, respectively, of a 
white pupa. 

41 Small portion of central fat-body of a white pupa. Photograph in 
figure .50. 

42 Nucleus from e(*ntrul fat-cell which had been injured in preparation of 
smear. 
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KX PLANATION OF F^GURE8 

Microphotoi^raplia of fat cells of Pteronidoa ribosi (Scopoli) and Macroeentrua 
ancylivora Rohwer; fixed in Alienas B15 (cxcoi>t figure 44, which was fixcsl in 
Flemming’s fluid) and stained in iron-Iiaematoxylin. 

43 Central fat-body of Maerocentrus larva in the third instar. Includes the 
cells drawn in figure 36. 

44 Central fat-cell of immature last larval instar of Pteronidea. The same 
cell as in figure 16, 

45 Central fat-cell of a spinning i>repupa of Pteronidea. The same cell as 
in figure 22- 

46 Central fat-cell from a full-grown Pteronidea larva of the last larval instar. 
The same ci'll as in figure 18. 
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PLATE 6 

EXPLANATION OF FIGURES 

Microphotographs of fat-cells of Pteronidea ribosi (Scopoli) and Macrocentrus 
aiieylivora Rohwer. Figure 49 is from a smear fixed in formalin and stained 
with haemalum. The others are from sectioned material stained with iron- 
haematoxylin. 

47 Central fat cell from the abdomen of prepupa of Pteronidea; fixed in 
Champy’s fluid. The same cell as in figure 27. 

48 Fat-cell from the thorax of a young imago of Pteronidea still within its 
cocoon; fixed in Allen's B15. The same cell as in figure 28. 

49 Central fat-cell from prepupa of Macrocentrus. The same cell as in 

figure 38. ' 

50 A portion of the central fat-body of a white pupa of Macrocentrus. The 
same as in fiiiure 41. 
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A SEXUALT.Y AEATURE TURBEL1.AK1 AN 
BESEMBLIN(J Mt^LLER’S LARVA 

IIAUOI.l) HKATII 

Jlophitis Mannr Station, Pacific (hove, Cahfoinia 
SIXTEEN FIUURES 

\I TIlOK H austkact 

This jiapi'r deulK with Ihi* (tcscriptioii of «n oiganisni, pxternally resomhlinp Mulh'i s 
lar\u anioiiK tho i>o)>olud'<, oollc'ctod in Iht* plankton of Moiilorey Bav, ruliforniu, durint;: 
th»* spring and sumnior months JntHrnally, tho orgiini/ation of thn \anoiis s.vstonis is 
iiniqiir In honn* rrsporth it h**ars a coitain roKonihlnnot* to a polyHad in earlv staire>. of 
d('\(‘lopniont, in othor rogards it approarhoh tho rhahdooolos, more jmrlioularly tho Aniola 
Its mono e*xaot rolationships nro ohsourod by tho fart that, although tho largiT hpocirnons 
tiro not nioio than 0 7 mm in longth, tho so\ organs, both nialo and foinalo. are fuliv 
dovolopod and funotional Furthorinoro, tho plan of tlioso systoins is unlike that of any 
turhollarian hithoito dtsorihod Whothor this orgHiiistn roprosonts a laso of paodogonosis or 
IS a fully dovolopod adult is unknown at prosont, hut in any o>ont tho Mirious systems are 
dosorihed and an ntti'inpt is made to give it a fairlj dohnito s.tstoinutir position 

Tho term ‘persistent larval types’ was ap})li(‘(l by IInxh\v 
to those organisms whieh in Iheir adult condition approach, 
either in their exiernal form or internal organization or l)oth, 
the young stages of living representatives of various phyla. 
Such undoubted examples are comparatively rare, unfortu¬ 
nately, but where, like Trochosphaora among the rotifers 
and Appendicularia among the chordates, they do occur they 
constitute an imjiortant bit of evidence relative to the evolu¬ 
tionary history of the class or phylum to which each belongs. 
In the present j)aper we have to do possibly with another 
member of this class of organisms which may serve as a 
clue to the origin of the rhabdoceles. On the other hand, it 
is equally possible that it may be a paedogenetic Muller’s 
larva. In any event, it differs in several important respects 
from any other known form, combining features which are 
reminiscent of the rhabdoceles in some respects and of the 
polyclads in others. 

In connection with a general biological survey, a series of 
plankton hauls was made in Monterey Bay during the summer 
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of ]92(>, and various invertebrate larvae were mounted for 
demonstration purposes. Ainonp: these were a number of 
Miiller’s larvae, representing several different polyclads, all 
of which were sexually immature, with the exception of one 
species, and closely corresponded in their organization to 
the well-known figures of Lang. These exceptional indi¬ 
viduals, uf)ward of fifty in number, were in various stages of 
development from those without apparent gonads to others 
of larger size, eleven in number, with functional germ cells 
and accessory reproductive organs. The entire collection was 
killed in hot Bonin’s solution, and of the larger specimens 
six were stained in Delafield’s haematoxylin and sectioned, 
while the remainder was mounted entire between cover- 
glasses which permitted the examination of both sides of the 
body. 

The average length of six mature individuals in a living 
state and in a relaxed condition was 0.628 mm., the smallest 
being 0.57 mm. and the largest 0.729 mm. The shape of the 
body, as may be seen in the figures, is an exact duplicate of 
Muller’s larva among the polyclads, there being eight ciliated 
lappets with the same characteristic arrangement, including 
the ciliated bands between the median dorsal lappet and the 
dorsolateral pair. Furthermore, the mouth occupies the same 
position between the ventrolateral processes. In fact, it 
was only after considerable experience that I was able to 
distinguish the present species from definite polyclad larvae, 
occasionally captured in the plankton, of the same size, shape, 
and much the same type of coloration. 

The epithelial or hypodermal layer as usual comprises a 
single layer of cells belonging to several categories. No 
especial study has been made of these in detail, nor is the 
material killed in Bouin’s fluid particularly favorable. Never¬ 
theless, it is readily possible to determine that over the body 
generally the most abundantly represented type of epithelial 
cell is relatively slender, usually four or five times higher 
than wide, and bears on its outer surface a coat of cilia. Its 
boundaries, even in the most favorable material, are indis- 
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tinct, and the nucleus, usually located in the basal half of 
the cell, is relatively compact. In these respects it stands 
in marked contrast to the ciliated lappet cells and the (uliated 
band uniting them where the cell elements have a somiwvhat 
greater diameter, relatively clear boundaries, a lightly stain¬ 
ing centrally located nucleus, finely granular cytoplasm, and 
a coat of cilia three times the length of that covering the body 
generally. Furthermore, the cells of the lappets apy)ear to 
possess an unusually definite arrangement; at least those of 
the median frontal process form not less than six definite 
transverse row^s, judging from the position of their nuclei 
as seen in wiiole mounts. 

In fresh ‘squeeze preparations’ epithelial gland ci^lls are 
visible in the epithelial layer, both on the dorsal and ventral 
surfaces, their glass-like secretion appearing wntli great dis¬ 
tinctness in some sp(»cimens. This appears to be the same 
tyf)e of cell which in sections is seen to contain a basally 
situated nucleus, and, more distally, a darkly staining ma¬ 
terial often in the act of escaping at the surface. It may be 
added that the individuals of this si)ecies often cling with 
great tenacity to the substratum. 

Rhabdite cells are abundantly distributed over the ))ody 
generally, and, as usual, they possess basally situated nuclei, 
and on their free surfaces bear a coat of cilia. The contained 
rhabdites are smooth, spindle-shaped glass-like bodies whose 
greatest length is, approximately, 0.008 mm. In common 
wdth the polyclads, the rhabdite cells are elements of the 
epithelial layer, and never have been found to lie beneath it in 
the parenchyma. 

Over eighty years ago, Quatrefuges (’45) discovered in the 
planarians wdiat have been termed tactile organs in the form 
of immobile protoplasmic processes at least twice the length 
of the cilia covering the body generally, and, according to 
Keferstein (’68), these are fairly evenly distributed over the 
body. In the present species they were visible in living speci¬ 
mens, but disappeared in preserved material. Hence it is 
not possible at the present time, with stained specimens, to 
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determine their number or their exact distribution. In one 
living s])ecinien, represented in figure 1, eight of these hairs 
were visible in tlie anterior two-thirds of the body, the one 
in the midline being paired. In another the only variation 
concerned the two hairs in the midline which were distinctly 
separated. In the })Osterior third of the body the number 
varied from five to seven, the additional members being added 
to the region bordering upon the median line. In another 
individual at least three additional organs of this type were 
seen on the dorsal surface of the body posterior to the level 
of the mouth, while two others were situated close to the 
midline in the brain region. It is probable that others exist, 
but the opacity of the body and the movements of the living 
animal have prevented more exact observations. It may be 
added that the average length of each hair is 0.014 mm. Two 
living individuals were treated with methylene blue, but no 
light was thrown on the innervation of these organs. 

The basement membrane in this species is, neglecting minor 
details, essentially the same as that of the polyclads as de¬ 
scribed by Lang (’84). In two specimens particularly this 
structure is unusually clear, and consists first of highly 
branched cells, apparently anastomosin'g and certainly giving 
the impression of a distinct network which underlies the 
outer epithelial covering ove]* the entire body, including the 
lappets. Nuclei in the species studied by Lang were deeply 
staining; in the present case they possess but little chromatin, 
and it is only with difficulty that they can be detected. 
Furthermore, the network on the ventral side of the body is 
of a more delicate character with more open meshes than on 
the dorsal side. In common with the polyclads, these branched 
cells are embedded in a lightly staining matrix, homogeneous 
in character and extremely tenuous over the body generally, 
but becoming distinctly thicker in the interior of the lappets. 
In these last-named organs especially the muscle fibers fre¬ 
quently are distinct, and at several points their extremities 
are anchored in the intercellular material. Many of the finer 
details are obscure, but as far as they have been determined 
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they Kiipr^ort Lan^^’s statement tliat the l)asement membrane^ 
^^eine Art Haiitskelet, das dem Kdrper ziir Stiitze inid speciell 
<leii Muskeln zur Anheftun^ dient.” 

No especial study has been made of the body musculature, 
but where it is clearly defined in sections its ^^eueral plan 
conforms to that of j)olyclad larvae. Longitudinal muscle 
fibers, l)eneath the epithelium and spaced at intervals greater 
than their diameters, course from one end of the body to the 
other.. Diagonal muscles in the same general situation are 
somewhat less numerous. J)orsoveiitral strands also are 
distribute‘d throughout the body, especially in the region of 
the pharynx—a fact observed l)y Lang in the yf)ung of Yungia 
aurantiaca (’84, ])i. .‘17, fig. 1). 

A detailed study was made of the })arenchyma in the hope 
that distinguishing features might be discovered which would 
serve to ditT(*rentiate it from the einlodermal layer. As Lang 
states for certain sy)ecies of polyclads, the parench>ina cells 
apficar to form a continuous reticulum, and in the present 
si)ecies, owing to the absence of a limiting membrane about 
the end(>d(‘rm, it seemingly is impossible to determine its 
exact limits. Accordingly, no definite statement can be made 
at this time regarding the })resence or absence of food or 
vacuoles in its substance. 

The color of the l)ody varies from dull green to slaty gray. 
Squeeze pre})arations demonstrate that the pigment involved 
is located in the j)arenchyma, never in the overlying epi> 
thelium. In the fresh state the granules can be seen to extend 
througli the mesenchyme in the form of slender threads, oc¬ 
casionally with branching processes as though incorporated 
in definite cells. In preserved material all traces of coloring 
matter disappear, and its relation to the i)arenchyma remains 
uncertain. 

The mouth, as previously mentioned, is situated between 
the median ventral lappets and communicates with a pharynx 
of the simplex type. The component cells of this last-named 
organ present much the same appearance as those of the lap¬ 
pets, although their average height is distinctly less. No 
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special gland cells are visible at any point. In individuals 
with little or no food in the digestive tract the lumen of the 
pharynx communicates with a relatively large space, pos¬ 
sessing a comparatively sharp internal border. Even in well- 
fed specimens the boundaries of the gut cavity at several 
points are fairly distinct, while in other situations a few 
slender outgrowths or branches, especially in the anterior 
half of the body, can be traced from the main cavity into the 
adjacent intestinal tissue. In one individual the intestinal 
cavity was more slender than the one represented in figure 12, 
and the cilia of the pharynx passed without a break into others 
which covered at least three-fourths of the inner surface of its 
digestive tract. In the remaining specimens the cilia were 
wholly restricted to the pharynx. 

In several individuals the cavity of the digestive tract con¬ 
tained food, consisting of diatoms, an unknown species of 
flagellate, and several other unicellular organisms of minute 
size and unknown relationships. In some instances these lie 
freely in the lumen of the gut, whose walls in the vicinity are 
clearly defined. In other cases the nutritive substances are 
enveloped in pseudopodial processes, and in what is ap¬ 
parently an intracellular position otller food materials are 
buried at varying distances from the digestive cavity. Thus 
digestion appears to be wholly intracellular. Finally, as in 
many rhabdoceles, no line of demarcation is distinguishable 
between the intestinal tissue and the parenchyma. 

In rare instances delicate fibers have been found attached 
to the pharyngeal wall, and may be looked upon as possible 
dilator muscle cells. At other points there are somewhat 
unsatisfactory indications that the pharynx is also provided 
with a scanty coat of circular fibers. There is also another 
structure, conspicuous even in the smallest specimens, which 
in all probability is the homologue of the proboscis funda¬ 
ment of polyclad larvae. It presents the form of a clearly 
defined group of cells, more or less circular in cross-section 
(figs. 12, 14), completely encircling the oesophagus (fig. 8, 
pr). In a few specimens it appears to be partially surrounded 
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through out the greater part of its course by a clearly defined 
sheath. On its outer surface a few longitudinal muscle cells 
are visible, while the cells more centrally located are so 
closely aggregated that their true character cannot be de¬ 
termined. Tn all of these resyjects there is a close agreement 
between tliis organ and the rudimentary proboscis, as de¬ 
scribed by Lang for stage 0 or D of Muller’s larva. Ante¬ 
riorly, in the region of the penis, it is attached ihore or less 
superficially to muscle cells wliich have been traced anteriorly 
a short distance into the gut tissue. A few other fibers at- 
tacl) to its surface on the right side and extend far out toward 
the margin of the body. 

No trace of an excretory system has been discovered either 
in living material or in sections. 

The brain is a comparatively large body, nearly spherical 
in form (figs. 8, 12), located approximately halfway between 
the mouth and the forward end of the body. In one of the 
largest specimens, from dorsal view, it measured 0.063 mm. 
by 0.082 mm. On its anterior and lateral surfaces several 
groups of ganglion cells are plainly visible, but the destina¬ 
tions of the nerv^es leading outwardly from these are tantaliz- 
ingly difficult to trace. The median ganglion, whose cells in 
the most favorable material usually stain more faintly than 
the usual nerve elements, sends a number of nerves forward 
to the end of the body. The ganglionic group more laterally 
placed continues as a thin cord as far forward as the anterior 
eyes where it becomes lost to view. A lateral branch in one 
specimen appears to unite with the longitudinal lateral nerve 
cord shown in figure 9. This also appears to be the case with 
the nerves leaving the other two pairs of ganglia attached 
to the brain. 

A pair of stout ganglionated cords arises from the postero¬ 
lateral surface of the brain, and in whole mounts can be 
traced to a point about opposite the mouth. Beyond this limit 
they are indistinguishable, but in sections they have been 
seen to unite in the midline posterior to the female genital 
pore. A strong commissure connects these at the level of 


JOITBNAL OF MORPHOLOGY AND PUYSIOLOOY, VOL. 45, NO. 1 



196 


HAROLD HEATH 


rior to tke moxith, its anterior extensions reaching a point 
about midway between the pharynx and brain on each side 
of the midline. Hence, whether of single or double origin, 
the functional vas deferens exists in the form of a U, 

On the left side of the body opposite the mouth the vas 
deferens develops a short branch which pursues a short course 
anteriorly and enters the seminal vesicle, whose position and 
relation to other organs are shown in figures 5 and 8. In four 
specimens it exists as an almost spherical organ packed with 
sperms. A short canal leads from its anterior face into the 
base of the penis, and a sheath of delicate muscle fibers coats 
its external surface. At its point of entry into the ejaculatory 
duct it unites with the canal from the accessory or granular 
gland (Kornerdriise), a globular organ consisting of a few 
cells with faintly staining nuclei and an equally faint secre¬ 
tion. The remaining features of the male reproductive sys¬ 
tem are represented in figure 5, where the penis is shown 
as a conical structure tipped with a delicate cuticular stylet, 
and surrounded by a sheath which opens close to the midline 
beneath the median ventral lappet. 

Several peculiar features exist in connection with the fe¬ 
male reproductive system. In the first place, three pairs of 
ovaries are fairly evenly spaced along the sides of the body. 
On the average, each measures 0.03 mm. in diameter in the 
sexually mature animal, each is surrounded by a definite 
sheath, and at a point usually opposite to its attachment to 
the oviduct each contains a small mass of cells whose divi¬ 
sions result in the formation of the oocytes. In a few cases 
there are signs of degeneration among these last-named ele¬ 
ments, and the soluble products may serve as a food supply, 
but otherwise there appears to be no indication of special 
nutritive or yolk-bearing accessory cells. 

Each ovary, as may be seen in figure 13, is attached to a 
slender oviduct, which extends beyond the rearmost ovary, 
and in the midline becomes continuous with its counterpart 
of the opposite side (fig. 8). Lateral to the pharynx a branch 
of this tube is developed on each side of the body, and like- 
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wise becomes united to its fellow in the midline slightly poste¬ 
rior to the female genital opening. From this last-named 
point of union a single canal extends anteriorly, and, after 
developing an antrum femininum, opens to the exterior on 
the ventral surface of the body yiosterior to the external 
month o|:)ening. A small group of cells, corresponding pos¬ 
sibly to the shell gland of other species, is attached to the 
distal extremity of the unpaired oviduct. No trace of a 
special uterus lias been discovered nor of a seminal re¬ 
ceptacle. 

Kegarding the relationships of the present species, or 
(Iraflizoon, the name of the genus created for its reception, 
there are two obvious possibilities. It may be, in its fully 
developed condition, an adult descended from ancient an¬ 
cestors resembling the modern Muller^s larva, or it may 
represent a case of paedogenesis. Personally, 1 am inclined 
to accept the latter view, but even though this does prove to 
lie the correct interpretation of the facts, there yet remains 
the problem of its more exact position in the scheme of 
classification. According to Lang (W), and the later revi¬ 
sion of the polyclads by Bock (^13), no species of this order 
has been described, so far as 1 can discover, in which the 
genital pores are separated by the mouth opening. Further¬ 
more, the question of its cotyleaii or acotylean alliance must 
remain unanswered for the present, although Bock states 
that ‘‘die Miillersche Larvenform ist nur bei den Ootylen 
nachgewdesen.’’ Also, whether the gut becomes clearly dif¬ 
ferentiated in later stages, if such there be, and what other 
transformations may ensue are also unknown. 

A comparison of a tyiucal Muller^s larva (fig. A) with 
Graffizoon demonstrates, in the first place, that externally 
their resemblance is strikingly close. In the form of body, 
position, and structure of the ciliated lappets, the location 
of the mouth, and the number of eyes, distributed into two 
main groups, they are practically identical. With regard to 
their internal organization, on the other hand, Graffizoon 
presents a complex of unique characters along with others 
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that are recognizable in ])olyclads or their larvae. For ex¬ 
ample, the e])ithelial elements, the basement membrane, and 
tlie general body musculature are typical of both, while the 
digestive system ap])ears to be more nearly allied with tliat 
of the Acoola. There is a possibility, however, that, as regards 
tliis last-named system, the two in reality may be more nearly 
akin than at first appears. 

Both Lang (’84) and Surface (’07) liave shown that in the 
polyclads the functional endoderm cells in very early stages 
become amoeboid and absorb yolk fragments, after which the 
endodenn constitutes a single layer. In his figures of stage 




rig. A \oiitral (A) and dorsal (B) views of Muller’s larva in the develop¬ 
ment of Yungia aurantiaea. After Lang. 

J), corresponding most closely to GrafBzoon, Lang rei)resents 
a spacious gut cavity, without definite pouches, bounded by 
a single epithelial layer, richly ciliated and extending from 
the brain to the posterior end of the body. In later stages 
cells appear to migrate from the gut and, although details 
are lacking, they form branches which develop into the char¬ 
acteristic polyclad intestine. This stage with few gut branches 
may represent the condition existing in the larger specimens 
of Graffizoon. Attention was called earlier in the account 
to the fact that in one individual especially four or five pairs 
of relatively indefinite extensions of the gut cavity extended 
laterally and became lost to view shortly before they reached 
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the margins of the hotly. Also the ciliated coat of the main 
cavity penetrated inl.o these*, but could not be followed with 
certainty througliout Iheir extent. In two other individuals 
the nuclei of the gut wall vVre less dense than those of the 
adjacent parenchyma, and other nuclei of the same type 
were visible here and there far out toward the surface of 
the body. Since this last-named feature was not an invariable 
occurrence, it may be of no especial significance in this con¬ 
nection, but it is suggestive if the following hypothesis proves 
to be correct. 

According to Lang's observations, the cells of the gut may 
lose, (luring (*ertain stages of their activity, all traces of 
cell mimibranes, and fuse into a syncytial sheet. The ciliated 
coat likewise b(*comes transformed into i)seudopodial proc- 
ess(\s. In (rrallizoon these same ydienomena certainly occur, 
and, in addition, the i)rotop]asm adjacent to the gut cavity 
is vacuolated, the vacuoles becoming larger as the surface 
of the body is approached. There is, however, an imj)ortanl 
difference. In the. polyclads a basement membrane clearly 
defines the outer borders of the endoderm; in Graffizoon no 
trace of it has been discovered. If, h(jwever, the endoderm 
cells of a ])olyclad with stubby outgrowths from the main gut 
were to fuse, (hwelop pseudopodia and vacuoles, and los(' 
their basement membrane, the resulting appearance would 
duplicate, I believe, that existing in (xrafiizoon. 

Wheth(*r such a theory will account for the state of affairs 
in the Acoela is problematical. Surface (’07), commenting 
upon the fact that in Planocera inquilina all of the digestive 
tract ‘‘arises from a portion of the posterior cell of the fourth 
quartette,” makes the following comment: 

This peculiar development of th(! alimentary canal in the polyclads 
offers the suggestion that it may be a step toward the development of 
such forms as the acoelous rhabdoceles, in which the alimentary 
canal is altogether absent. But the embryology of these as W(dl as 
other turbellaria present such great variations from the type found 
in polyclads that it is useless to speculate along this line. 
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This may indeed be the true explanation, but, on the other 
hand, it is equally possible that the larval endoderm may 
persist in the adult, and, becoming amoeboid and syncytial, 
develop a state of affairs resembling that in Graffizoon. But, 
as Surface remarks, s])e(*nlation8 without embryological data 
are futile. 

Til this connection the pharynx plicatus rudiment (figs. 8, 
12, 14) is of interest. Lang has traced its development from 
the stage in which it exists in the form of a solid ring of 
mesoblast cells surrounding the oesophagus to the functional 
organ. At one stage, D, its appearance and position agree 
almost exactly with this organ in Graffizoon, as may be seen 
if Lang’s figure (pi. 38, fig. 4) of this stage is compared with 
figure 14 in the present paper. At this time we have little 
or no information regarding the phylogenetic origin of this 
type of proboscis. It may have arisen from a simple sphincter 
muscle, and in this condition it may exist in Graffizoon. Or, 
if we are dealing with a case of paedogenesis, it is equally 
possible that the proboscis rudiment is in an undeveloped 
condition. Whatever may be the exact explanation, it is cer¬ 
tain that the digestive tract is functional, but whether the 
pharyngeal ring is active or passive in tl^e feeding process 
remains uncertain. 

Eetuniing to the resemblance which Graffizoon bears to the 
rhabdoceles, it may be urged that if it were devoid of lappets 
its polyclad character, or, more definitely, its close relation¬ 
ship to Muller’s larva doubtless would remain unsuspected. 
In this connection a suggestion of Lang is decidedly germane. 
In discussing the relationships of the Acoela—the Ehabdocoela 
or at least the Alliocoela being considered to be derivatives 
of the triclads and these of the polyclads—^he raises the fol¬ 
lowing question: 

1st es denn nicht auch moglich, class die Acoelen geschlechtsreif ge- 
wordene Jugendstadien alter Stammformen der Turbellarien sind? 
Wir wissen ja, dass nicht selten, z. B. gerade bei Ctenophoren, schon 
Larven geschlechtsreif werden. Bei dieser Auffassung ware die 
Thatsache ebenfalls verstandlieh, dass die Acoelen in manchen 
Organisatiorisverhaltnissen mit Bezug auf die iibrigen Turbcdlaricn 
ein einfaches, iirspriingliches Verhalten darbieten. 
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AeeordiiJg to Uiis view, tlie Acoela possibly may be paedo- 
genetic turbellaria, but at the same time it must be admitted 
tliat suoli a iluiory rests upon hypothetical evidence to a large 
degree. 

There is also another possibility, equally sui)posititious. 
From Lang’s studies (^specially it has become apparent that 
a fairly close resemblance exists between Miillor’s larva, the 
ctenophores, and the trochophore. Furthermore, we can 
scarcely escape from the belief that this (leei)-seatcd similarity 
is to be explained on the theory that all of these organisms 
are the descendants of an ancient pelagic ancestor; and, what 
is more important in this connection, this ancestral type was 
probably sexually mature. May we liot assume, therefore, 
that the rhabdoc(*les, or at least the acoelous component, are 
the direct descendants of this pelagic ancestral type rather 
than that they have been derived from some larval stage of 
this old stem form. According to this view, the rhabdoceles 
are rather to be looked upon as complete adults rather than 
paedogenetic organisms. 

The reproductive system of Oraffizoon is perhaps in closer 
agreement with that of the polyclads than with other turbel- 
laria. In both the testes are ventral, the ovaries dorsal, and, 
as usual, there is successive hermaphroditism, as Lang terms 
it, the spermatozoa ripening first. The male reproductive 
system might belong cither to a rhabdocele or polyclad, while 
the female system seemingly holds an intermediate position. 
No rhabdocele, so far as T can learn, possesses more than two 
ovaries, and as soon as these organs can be recognized in the 
developing polyclad—with a body length ranging from 5 mm. 
to 9 mm. in Monterey Bay species—they number at least fifty 
pairs. This, however, is not a fundamental difference. With 
a body length of approximately 0.6 mm., it is not surprising 
that the female germ cells in Graflizoon are relatively few. 
Furthermore, the union of the ovaries by means of an oviduct 
dorsal to the one leading to the exterior has its counterpart 
in Oligocladus sanguinolentus as figured by Lang (’84, pi. 23, 
fig. 3), In this species the ovaries are relatively numerous 
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and the oviducts form an anastomosing system, but, what is 
imy)ortant in the present case, they communicate across the 
midline. 

As previously noted, the characteristics of Graffizoon can 
))e explained on the theory that it is an adult organism directly 
descended from ancient pelagic ancestors. No proof to the 
contrary exists. A few medium-sized specimens were kept 
in aquaria for nearly a month, but no suitable food supply 
could be discovered, and further development failed to take 
place. The chief objection to this line of argument, however, 
is that the resemblance to Muller^s larva is so close that it 
appears to be more reasonable to look upon it as a case of 
paedogenesis. Until this matter is settled, it is certain that 
the exact status of this species cannot be determined. At¬ 
tention has been called to the fact that Muller’s larva is 
characteristic of only the cotylean polyclad so far as known, 
and it therefore becomes more probable that Graffizoon be¬ 
longs to this tribe; but I am unable to find a description of 
any genus in which the mouth separates the genital i>ores— 
a character which in all probability is unchanging in later 
stages if there be such. Tn view of these facts, the following 
classification is proposed. 

Graffizoon,^ new genus 

With external form of body as in Muller’s larva. Mouth 
about middle of ventral surface. Pharynx of the simplex 
type, leading into a comparatively large main gut, apparently 
provided with a few lateral branches, whose walls lack a 
basement membrane and consequently are indistinguishable 
from the parenchyma. Female reproductive system com¬ 
prises three pairs of ovaries with genital duct opening poste¬ 
rior to mouth. Testes, numbering about eighteen pairs, con¬ 
nected with U-shaped vas deferens, terminating in distinct 
seminal vesicle. Penis, provided with granular gland, slender, 
lipped with chitinous stylet, with sheath opening anterior to 

’ Named in honor of my friend, the late Dr. L. von Graff. 
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mouth. Kye8, two anterior and wix in brain region. Brain 
rcilatively large, distinct, with at least one yjair of ventral 
longitudinal nerves and a dorsal plexus. 

Type of genus, Graffizoon lobatiira. 

The diagnosis of this genus is such that it cannot in¬ 
cluded in any existing family. Accordingly, a new one, 
Graffizoidae, is herewitli proposed with the characters of the 
genus and Graffizoon as the genotj'pe. Provisionally, at least, 
it may be included in the polyclad tribe, Cotylea. 
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PLATE 1 

EXPLANATION OF FIGURES 

1 (iriiffiz(»oii lobatum, dorsal view; actual length, 0.63 mm. 

2 .Same as above, ventral view; arc-like band" represents ciliated groove. 

3 Voung specimen; length, 0.2 mm. 

4 Older specimen, lateral view; length, 0.31 mm. 

5 Median sagittal section through penis, prostate gland (pg) and seminal 
vesicle (v). 

6 Median sagittal section through antrum feinininum and shell gland (sfji), 
p, possible proboscis rudiment; v, vas deferens; ciliated tract represents posterior 
border of pharynx. 

7 Section through immature testis and vas efferens. 

8 Slightly diagrammatic jdan of the male and female reproductive systems. 

brain; vi, mouth; or, ovary; pr, supposed proboscis rudiment. 
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PLATK 2 

EXPLANATION OF FIGURES 

Ventral view of nervous system; broken lines represent probable course 
of nerves. 

10 TiOngitudinal section of gut from region of pharynx to point near postcruir 
end of body; food mati'rial in lumen and buried in surrounding tissues. 

11 Khabdites; actual length of largest, 0.008 mm. 

12 Median sagittal section through entire animal; brain, two eyes, and por¬ 
tion of male reproductive system anterior to mouth; antrum fcmininum and one 
testis located in posterior half of body. 

l.'i Section through an ovary and portion of oviduct; size of ovary, 0.00 mm. 
by 0,08 mm. 

14 Transverse section through body at level of mouth; supposed rudiment of 
proboscis iininediately dorsal to vas deferens (v ); two ventral testes and one 
dorsal ovary represented; beneath innermost testis is ventral nerve cord, while 
another is attached to inner ends of cells of ciliated tract extending from median 
dorsal lappet to dorsolateral lappets. 

15 Section transverse to ventral ciliated groove; nuclei beneath ejdthelial 
cells ludong in large measure to ganglion cells; r, one of the anterior eyes. 
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THE CRANIAL ^lUSCULATCRE OF THE TOADFISH 
(OPSANUS TAU) 


DAVID S. I'ANKRATZ 

Departmvnt of Anatompf I'mvfr.stip of Kansan 


ELFAEN H(JITREM 


W THOK S AJISTKAPT 

Tim highly fsiicciuh/ed (‘tiiiiial niuvrululurt* <if tin* lofulliNh is (‘tiarn<‘t<'ri/.<‘d hx the 
foUnwiiif; feiiturt's 

1. Ahsruoft <»f iiiti^nnandiliiilHriK and brunrhumiandilMiIaris inusoli's 

2. PresetuT of lovalor premaxillans miisclo 

3. Vt'n larjfo branchial cliainbcr. the out«*i wall of which is formed bj seven bianclnos- 
te|?al rays coniiecied by a strong fascia provided with rnnarles (oblique levators and 
adduetora) 

4 Highly developed niaalicator iini«ch‘s (adductor mnndibulans and iilerygoids) 

5 The rectus abdominis, sternohyoid, and hyohyoid musclcR are attached bv a median 
aponeurosis to (he hyoid and haaibranchial elements and directly to the hyxiobrancliial 
cartilages, this muscle complex depresses the buccal floor in o]>position to the geniohyoid 

fi The pelvic fins are in the jugular position, 

7 Two narrow' muscles connect the cleithrum with the fourth ceratobranchial 

H The cranial musculature is obviously adapted to a caniivoroiiR habit and particularly 
for increasing respiratory cnpa< itv under usphvxial conditions 


IXTRODTCTION 

Althon^li the loadfisli (Opsaniis tail) is well known to biolo* 
gists, only a few papers are to be found that deal with its 
morphology. Miss Clap]) (’98) described the ‘Materaldine 
system of Fintrachus tan” and Giidger (’08) wrote, “The 
habits and life history of the toadfish.” A few embryologi- 
cal papers have been written on this aberrant teleost, Ryder 
(’82), Clapp (’91), Gill (’07), and Traey (’26). 

The author wishes to express his appreciation for the kind 
and helpful suggestions continually given by Dr. Henry C. 
Tracy and Dr. Homer B. Latimer. 

The present paper aims to supply a brief account of the 
cranial muscles of Opsanus tau, which may be available for 
comparative purposes or for future developmental studies. 
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Since the terminology of muscles in fishes has not been thor¬ 
oughly standardized, the author deemed it desirable to con¬ 
struct a chart somewhat similar to Vetter’s (78). In, this 
chart are tabulated in a comparative manner, for convenient 
reference, the cranial muscles of various fishes that have been 
described. The earliest work used in this paper is that on 
Perea fluviatilis by Owen (’66). Other well-known contribu¬ 
tions to the cranial anatomy of fishes were made by F’iirbringer 
(’75), Vetter (’78), and McMurrich (’84). Very extensive 
work has been done by Allis (’97 and ’03) on such familiar 
forms as Amia calva and Scomber scomber. The most recent 
work is that of Danforth (’13), ‘‘The myology of Polyodon.” 
At present no group of vertebrates needs a comparative study 
more than do the teleosts, especially the higher and aberrant 
forms (Kingsley, ’25). Only Esox and Acipenser have been 
taken from Vetter’s (’78) work, because they are the most 
representative forms. The designations used by Allis were 
employed as a basis, unless otherwise indicated, because Scom- 


ABBRKVIATTONH IN TABLE 


A>Pro.llymd„ anterior part of m. pro¬ 
tractor hyoniandjbulariH 
Br.Dcp., mm. branchi-ciopresstjroH 
Sir,Lev., mm. brancln-lovatoroa 
Br.lUrt.Tnf., nun. branc hi ret rue tores in- 
ferioris 

mm. branchi rotractores 

superioris 

Con.Ph., m. constrictor pharyngis 
Con.Sup., m. constrictor superficijilis 
Cor.Jtr., mm. ct)raco-arcuale8 
Drp.Br.Stef/., min. dopressorcs bran 
chiostegorum 

Dep.Op., m. depressor opercularia 
Dep.Tym., mm. depressores tymjmni 
JJyo.Br., m. hyobranchialis 
Tfyo.Cl., m. hyoclavicularis 
Uyo.ppct., m. hyopectoralis 
Int.Arc.Vent.. mm. interarcuales von- 
trales 

Lev.Br.Step., mm lovatorcs-branchios- 
tegorum 


Lev.Tym., mm. levatores tympaui 
Ma.B., m. masto-bramdiialis 
Myl., m. myl(diyoid('UH 

N. , nervus 

O. , occipital nerve 

r.Met., posterior part of in. retractor 
hyomandi bn laris 
Ph.Are., mm. pharyugo-arcuales 
Ph.Tr., m. pharyngeiis transversus 
Pro.Hymd., m. protractor hyomaiidibu 
laris 

Pfy.j in. ptorygoideuH 
Jtect.Ab., m. rectus abdominis 
Bei.Uymd., m. retractor hyoinandibU' 
laris 

Bet.Hyo., m. retractor hyoidous 
S., spinal nerve 
St.Ilyo., m. sternohyoideus 
Tr.Dor., in. transversus dorsalis 
typical 
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]K‘r is the nearest related leleost that has been described; and 
many of Allis’ terms are based on the classical investigation 
<lone by Vetter (’78). Where the same name was not used by 
the various investigators, an attempt was made to find its 
homologue according to structure, nerve supply, and function. 

METHODS AND .MATEBIAL 

The heads of adult ioadfish varying from 10 to 20 cm. in 
length were dissected, under the binocular when necessary. 
The specimens were macerated in dilute nitric, acid, which 
facilitates dissection of e\'en the very small nerves, since the 
acid dissolves the connective-tissue sheaths. A number of 
heads of various sizes were also freed of all the muscles and 
connective tissue, and the skulls studied for origins and in¬ 
sertions of the muscles described. In order to clean the 
skulls, they were either boiled in a weak sodium-carbonate 
solution or allowed to macerate in tap-water. 

DESCRIPTION AND DISCUSSION OP THE CRANIAL MUSCULATURE 

For descriptive purposes, the muscles are grouiied under 
the following large divisions: orbital, hyomandibular, oper¬ 
cular, branchial, and pharyngeal groups, 

1. The eye-muscle group 

Tlie eyeball of Op.sanus tau is large, the orbit long, and cor¬ 
related with it are long and well-developed eye muscles. The 
number and arrangement of the muscles conforms essentially 
to the teleost type, as described by Allis (’03) in his work 
on Scomber scomber. 

a. Mm. obliqui inferioris et .superioris. The two oblique 
muscles arise close together at the anterior pkrt of the orbit, 
from the interorbital septum, at the junction of the ethmoid, 
vomer, and parasphenoid, posterior to the entrance of the 
nervus olfactorius into its ethmoid canal. The m. obliquus 
superioris jiasses lateralward superior to the nervus olfac¬ 
torius, which lies free in the orbit for some distance. If is 
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inserted in the bulbar fascia medial to the insertion of the 
m. rectus 8U]ierioris, and is supplied by two small twigs from 
the loii^ slender nervus trochlearis. Th(» m. obli(|uns info- 
rioris likewise passes laiorally to insert n(»ar tlie ra. rectus 
inf(»rioris. It is supplied by a slender branch from th(‘ iide- 
rior division of the nervnis oculomolorius, which passes for¬ 
ward under the medialis and recti inferior and ventral to tlie 
nervus olfactorius. 

h. Mm, recti medialis et lateralis et saperlaris et wferioris. 
The four recti muscles arise from a small area about the union 
of the interorlhtal septum, the basisphenoid,and theparasphe- 
noid. Their origin is ventral to the nervus opticus which 
])asses to the eyeball over the superior rectus and lateral to 
the medial reetus. They all become wide and tendinous, to 
insert on the fascia of the eyeball ])()sterior to the edge of the 
cornea. The medial and inferior recti are supplied by 
branches from the inferior division of the oculomotor, and 
the superior reetus by the small upper division of the oculo¬ 
motor. Tlie lateral rectus is supplied by the abducens which 
penetrates its proximal third by two or three twigs. 

:i. The hyomandibidar yroup 

a. M, adductor mandibularis. The m. adductor mandibu- 
laris is the most conspicuous dorsal muscle in the toadfish. 
It arises from the anterior surface of the preoperculum, and 
the anteroventfal margin of the frontal bone. The muscle 
appears to be composed of three well-fused parts and forms 
a heavy tendinous insertion on the posterior and inner sur¬ 
face of the triangular process on the articular {A,, figs. 1 and 
3). It is supplied by four or five small branches from the 
nervus maxillaris inferioris fig. 11). The well- 

developed adductor of the mandible opposed by the large flat 
m. geniohyoideus, functions as a very powerful adductor of 
the mandible. The structure of this group of muscles is well 
correlated with the voracious and carnivorous habits of tin* 
toadfish. 
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ABBREVIATIONS IN ALL FIGURES 


A, , HI. adductor maudibuUirU 
A(i/k, ni. adductor arcus palatini 
Ah.f m. adductor hyoniaiidibulans 
Ao., m. adductor oi>erculari8 

Ar., articular 
li.B., basibranchial 

B. JI.f basihyal cartilag<* 

B. K.G., branchiostegal rays 

Buc.f.1, n. ramus buccalis facialis in<*- 
dialis 

Buc.f.'^, 11 . rainuB buccalis facialis lat¬ 
eralis 

r., cerebrum 
CB., cerebellum 

C. B.S, third ceratobranchial 
C.BAf fourth ceratobranchial 
C,E., m. constrictor esophagei 
C.ff„ ceratohyal (hyoid) 

CLf cleithrum (clavicle of old authors) 
Com.VH-X, commissure between VJl 
and X 
/>., dent ary 

V.Br., mm. depressores branchiostego- 
rum 

Bo,, m. dilator opercularis 
Fr., frontal 

F. Rcc., recurrens facialis 

G. , gills 

Gh., m. geiiiohyoideus 
JT.B.J, hypobranchiul (first) 

ITh.f m. hyohyoideus 
HMD,f hyomandibiilar 
ITmf,, nervus h>omandibularis 
Inf.M,, nervus maxillaris inferioris 
Lahe a, m. levator arcus branchiahs ex- 
ternus anterioris 

Labr-m,, m. levator arcus branchialis 
externus medialis 

Lahe'Pf m. levator arcus branchialis 
externus postcrioris 
Labi a, m. levator arcus branchialis in 
ternus anterioris 

Labi-p, m. levator arcus branchialis in- 
temus posterioris 

L,Br,y mm. levatores branchiostegoruni 
Ll,V., nervus lineae lateralis vagi 
L.O., m, levator opercularis 
L.Pr., m, levator premaxilla ris 
Md,, medulla oblongata 


M if., n. ramus mandibular is externus 
facialis 
Mx., maxillu 
A^Ac., nervus* acusticus 
X.GL., nervus glossophoryngcus 

N. OIj., nervus olfactorius 

O. B., bulbus olfactorius 

Ohd., m. obliquus dorsalis superficialis 
Op., operculum 

Op.f., ramus ophthalmicus superficialis 

Op.L.f lobiis opticus 

Op.t., ramus ophthalmicus trigeminus 

OS., opercular spine 

Ov.l-J, m. obliquus ventralis 1*2 

P. B.J, pharyngo-branchialis (first) 

Per., m. pharyngo-clavicularis externus 
Pet., m. pharyngo-clavicularis internus 
Pe.F., pelvic fin 

P.f., nervus palatinus facialis 
P.F., ])ectoral fin 

P.Gl., nervus palatinus glo8RO[)haryn- 
geus 

Ph., m. pharyngo-hyoideus 
P.OP., preoperculum 
Pr., preinaxillaris 

P. S., parasphenoid 

Pt.a., m. pterygoideus anterioris 
Pf.p., m. pterygoideus posterioris 

Q. , quadrate 

B.A., in. rectus abdominis 
Rhad., m. retractor branchialium ar- 
cuum dorsalis 4* 

5., skull 

Sh., m. sternohyoidcus 
Tda., m. transveraus dorsalis anterioris 
Tdp., m. transveraus dorsalis poste¬ 
rioris 

Te.V., nervus temporalis vagi 

I'p., ni. trapezius 

Tr.R., nervi trematici vagi 

Tva., m. transveraus ventralis anterioris 

Tvp., in. transversus ventralis posterioris 

U. L., upper lip 

V. , vertebra 
VO., vomer 

11., nervus opticus 

111., nervus oculomotorius 

IV., nervus trochlearis 
VI., nervus abducens 
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/>. Mm, pfcrijgoidri. The m. ptery^^oideiis aiilerioriy lies 
medial to the anterior portion of the m. levator arens pala¬ 
tini and the origin of the m. levator premaxillaris. It is very 
large at its origin, arising from most of the ventral surface 
of the frontal hone and forming the posterior wall of the 
orbit. Toward its insertion it becomes small and tendinous 
to insert on tlu» mesial surface of the articular ventral to the 
insertion of the m. adductor mandibularis (Ft,a,, figs. 3 and 
7). It is supplied by a branch from the nervus maxillaris 
inferioris. 

The m. pterygoideus posterioris (Pf.p., fig. 7) arises from 
the anterior surface of the hyomaiidibular bone and the ven¬ 
tral surface of the postorbital ossification. It is a thin trian- 
gidar muscle which becomes totally tendinous at its insertion, 
with the anterior pterygoid on the articular. Tt receives its 
nerve supply from the nervus maxillaris inferioris. 

The two mm. pterygoidei are possibly homologous to the 
deeper parts of the m. adductor mandibularis, as described 
by previous writers. They aid the m. adductor mandibularis 
in powerful adduction of the mandible. 

r. M, levator premaxillaris. The m. levator premaxillaris 
is a long, narrow muscle arising from the frontal, just medial 
to the origin of the anteromedial fibers of the m. adductor 
mandibularis. At its origin it is a wide, flat tendon and it 
inserts on the superior surface of the premaxillaris about 
one-third from its lateral extremity (L.Pr,,^fig. 1), It re¬ 
ceives two or three small rami from the nervus maxiUaris 
inferioris. The levator draws the corners of the mouth up¬ 
ward and backw’^ard. 

d. Mm, arcus palatini. Medial to the origin of the m. ad¬ 
ductor mandibularis the m. levator arcus palatini arises from 
the ventral surface of the frontal and from the postorbital 
ossification. It is a flat, triangular muscle with the base dor¬ 
sal and its apex inserted on the anterior surface of the dorsal 
end of the hyomandibular and the metapterygoid. The nervus 
maxillaris inferioris supplies this muscle with two or three 
small rami. It acts as an elevator of the hyomandibular and 
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the metaptery^’oid, thus increasing the width of the palatine 
arch. 

The adductor hyornandibularis et adductor arcus palatini 
are one continuous muscle. They arise from the lateral sur- 
face of the jiarasphenoid and the vomer, and form a flat, 
arched muscle in the roof of the mouth {Aap,A}i,y fig. 8). A 
heavy fascia covers them dorsally and the thick and tough 
buccal lining ventrally. The fibers pass laterally to insert 
on the inner surface of the hyomandibular, maxillary, and the 
mesial surface of the wdiole palatine arch. A portion of the 
m. adductor arcus palatini forms the ventral floor of the 
orbit. The nerve supply to this pair of muscles is from the 
nervus hyornandibularis. Their function is to adduct the 
palatine arch by depressing the hyomandibular and maxil¬ 
lary bones. 

c. M, geniohyoideuH, The most conspicuous muscle on the 
ventral surface is the long, flat m. geniohyoidcus that sui)er- 
ficially covers the floor of the buccal cavity ((?/?., fig. 5). Its 
fibers originate from most of the anterior surface of the 
ceratohyal (hyoid, Kingsley, ’25) and the base of the third 
branchiostegal ray. They pass medially and anteriorly to 
insert in a median aponeurotic band and the posterior surface 
of the dentary near the symphysis menti. The lateral part 
of the muscle near its origin is somewhat confined by a car¬ 
tilaginous process on the ceratohyal (figs. 5 and 6). This 
leaves a narrow area between the m. geniohyoideus and the 
mandible where the buccal floor is formed by a heavy fascia 
with a few transverse muscle fibers, suggesting a m. mylo- 
hyoideus. The m. geniohyoideus is supplied by a large branch 
from the nervus mandibularis facialis externus {McF,, fig. 6). 
When the hyoid bone is fixed by its other muscles, the m. 
geniohyoideus functions as the depressor of the mandible. 
When the mandible is fixed or adducted, it forcefully de¬ 
presses the hyoid apparatus as in regurgitation of food and 
expulsion of water. 

/. ilf. hyohyoideus. The m. hyohyoideus in the toadfish is a 
long, flat superficial muscle (JTA., fig. 5). It arises from a 




Fig. 7 Ventral view of the mm. jiterygoidei with mandible intact. 

Fig. 8 Ventral view of the buccal roof (palatine anh), ‘showing the m. adductor anus pala 

tine, m. adductor hyoniandibularis, and ni. adductor ojMTculans. 

Fig. 9 Ventral view of the branchial apparatus. 

Fig. 10 Dorsal view of the branchial apparatus. 
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m(*(liaii aj)oiioiirosis, common to both, which (?x:ton(ls forward 
to the first basibranehial (copula, Qcgcnbaur, ’98). It passes 
posterolaterally to insert on the medial surface of the ventral 
branchiostegal ray at the point of its greatest curvature. A 
branch from the hyomandibular nerve ramifies over its middle 
ventral surface. The hyohyoideus in the toadfish functions 
as the most powerful depressor of the branchiostegal rays. 

,7. Thf^ opercular group 

a. M, dilator opercularis. The m. dilator opercularis is a 
large triangular muscle which lies in the dorsal temporal 
groove fig. 1). It also takes origin from a dorsomedial 

and transverse crest of the frontal, from the postorbital, 
scpiamosal, and the dorsal groove in the hyomandibular boiu*. 
The fibers converge and pass posterolaterally to insert on th(» 
opercular spine superior to the articulation of the operculum 
with the hyomandibular is. It is supplied by small branches 
from the nervus maxillaris inferioris. 

fe. M, levator opercularis. The m. levator opercularis is a 
much smaller conical muscle (Lo,, fig. 1), which arises from 
the posterodorsal surface and crest of the squamosal bone. 
As in Scomber, it is contiguous with the dilator at its origin, 
and its anterior fibers run parallel to, and in contact with, 
the posterior fibers of the former. It is supplied by a small 
superior branch of the nervus hyomandibularis. The two 
muscles abduct and elevate the operculum, thus increasing the 
capacity of the branchial cavity. This pair is opposed by the 
m. adductor opercularis and the ventral hyoid group. 

c, M, adductor opercularis. The m. adductor opercularis 
{Ah, fig. 8) is a triangular muscle arising from portions of 
the lateral surface of the squamosal, intercalar, petrosal, and 
lateral occipital bones. Its anterior fibers originate just pos- 
tei'ior to the foramen of the facial nerve and pass postero¬ 
laterally immediately posterior to the branchial levators. The 
apex of the triangular muscle inserts on the inner surface of 
the operculum. It is supplied by the nervus hyomandibularis 
and acts as a strong depressor of the operculum. 
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i. The hranehiaJ group 

a. M. (lepressures brauehiostegoruui. Ti] the s(‘e()iid ventral 
layer there an^ tliree j)airs of small trian^^iilar nniseles wlii(*]i 



Fig. 11 Dorsal optit*al vit*w <»f the brain and the eranial nerves. 


connect the ceratohyal and the bases of the branchiostes^al 
3*ays. The medial is the largest and arises from the postero¬ 
medial surface of the ceratohyal and inserts on the medial 
surface of the proximal portion of the first brancliiostegal 
ray fig. 6). The other two parts have their origin 
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from the more distal part of the eeratohyal and tlie lateral 
surface of first and second rays, and insert on the medial 
surfaces of tin* second and third rays. They are supplied by 
tlie nervus hyomandibularis. This group act as depressors 
of the branehiostegal rays (figs. 5 and 6); hence the name 
depressores branchiostegorum (Owen, ’bfi) is appropriaf(\ 
Owen (’f)6) describes this group of muscles in Perea fluvia- 
tilis. These muscles are not mentioned by other authors and 
are apparently absent in the more generalized fishes. This 
group with the mm. levatores branchiostegorum regulate the 
capacity of the branchial chamber. Since the toadfish is a 
sluggish bottom feeder, this muscular arrangement makes 
possible forceful expulsions of water under asphyxial con¬ 
ditions. 

fo. M, levatores branchiostegorum. The muscles of the 
branehiostegal rays are well developed. As in Scomber, the 
toadfish usually has seven branehiostegal rays fig. 5). 

These rays are firmly bound together by a heavy fascia, in 
whose inner layer lies embedded a layer of thin oblique muscle 
fibers. These muscle fibers elevate and draw the rays to¬ 
gether, thus aiding the mm. depressores in regulating the 
size of the branchial chamber {L,Br., fig. 1). To the writer’s 
knowledge, similar muscles have been described only in Perea 
by Owen (’66). He calls them the levatores branchioste¬ 
gorum, which is used by the writer. These musch‘s receive 
small rami from the nervus hyomandibularis. 

c. Mm, levatores arcuum^ hranchialium. The mm. levatores 
arcuum hranchialium consist of two interni and three elterni 
(Labi, a, p, Labe, a, p, fig. 10). They arise from the base 
of the skull, from the ventral surface of the petrosal, inter- 
calar, and squamosal. The posterior externus inserts on the 
fourth branchial arch, which has no gills, and is nearly twice 
as large as the others. The third and second arches have only 
one levator, while the first arch has a separate muscle. The 
first two externi insert on the epibranchial cartilages (supra- 
pharyngeal processes of Allis, ’03), immediately proximal to 
the gills. The third externus inserts on the epibranchial car- 
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tilage opposite the insertion of the m. pharyngoelavicnlaris. 
These muscles raise the gill arches and draw them slightly 
toward the median line. The two internal levators arise im¬ 
mediately medial to the three external muscles, and pass ven- 
trally to insert on the dorsal sui’face of the three pharyngo- 
branchial cartilages near the median line (tig. 10). Allis (’03) 
calls these cartilages the infrapharyngo branchials. 

The nervus glossopharyngeus passes lal(n*ally between the 
two internal levators, its ganglion (tig. 11) lying immediately 
lateral to the anterior internal and medial to the anterior and 
middle external levators, ^’he five levators are supplied by 
the branches of the ninth and tenth nerves of their resj)ective 
arches. The anterior externus and internus are supplied by 
the nervus glossopharyngeus. 

(L ]\im, ohliqui dorsales. The two dorsal oblique muscles 
(mm. adductoi'cs anniura branchialium) have a common ori¬ 
gin from the posterior surface of the second pharyngo- 
brancliial cartilage between the insertion of the retractor 
areuum branehialis dorsalis and the anterior levator arcus 
branchialis internus. The most dorsal is (he larger and in¬ 
serts on the epibranchial cartilage of the fourth medially to 
tlie external levator {Ohd,y fig. 10). The dee])er and smaller 
oblicpie is covered by the former and inserts on the epibran¬ 
chial cartilage of the third arch laterally to the mm. retrac- 
tores areuum branchialium dorsales and in conjunction with 
a slip of the m. transversus dorsalis ])osterioris. They are 
supplied by rami from the first divisions of the lu^rvus vagus. 
Their action is primarily to adduct the branchial arches, 
although apparently only a limited amount of adduction is 
possible. 

c. Mm. retractores arctmm bra/nchialnvm. dorsales. The 
mm. retractores areuum branchialium dorsales {llhad., figs. 
9 and 10) are paired muscles lying longitudinally and dor- 
sally to the pharynx. They arise by a continuous, tendinous 
slip from the bodies of the fourth, fifth, and sixth vertebrae. 
The muscles become wider and pass ventral to the mm. phar- 
yngei transversi dorsales to insert in the roof of the ifiiarynx. 
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TJjoir iiKserlioii is on the first three pairs of pharyngo-bran- 
chial arches, medial to the insertion of the internal levators 
and the dorsal obliciiie muscles. Small rami from the fourth 
division of the nervus vagus pierce the anterior portion. 
They function as a powerful retractor of the branchial arches, 
causing the individual arches to separate, thus opposing tin* 
dorsal oblique muscles. 

5. The pharyugeal group 

a. Mm, pharyuqei transrersi. Most generalized fishes have 
a single muscle mass in the dorsal wall of the pharynx (m. 
pharyngeus transversus ventralis, auctorum). In Scomber 
scomber, however, these muvscle masses are more specialized 
and divide into an anterior and a posterior muscle. This con¬ 
dition also exists in Opsanus tail. The m. xdiaryngcus trans¬ 
versus dorsalis anterioris (2V/a., fig. 10), the larger of the two 
dorsal muscles, arises in common with its mate from a median 
raphe. It passes laterally between the two internal levators 
of the branchial arches to insert with the second levator arcus 
braiichialis externus on the epibranchial cartilages of the sec¬ 
ond and third arches. The m. pharyngeus transversus dor¬ 
salis posterioris (Tflp,, fig. 10) is much smaller and is com¬ 
posed of two minor slips arising in the median common 
raphe and inserts on the epibranchial cartilages of the third 
and fourth branchial arches. Their nerve supply is from the 
rami of the nervus vagus supplying the arches related to each 
muscle. They act, as Danforth (13) says of Polyodon, as 
constrictors of the pharynx. 

The mm. pharyngei transversi ventrales originate from the 
median aponeurosis and the ventral surfaces of the hypo- 
branchials of the third and fourth arches. The anterior 
passes posterolaterally to insert on the medial surface of the 
ceratobranchial of the fourth arch near the insertion of the 
pharyngohyoideus. This muscle appears to be the muscle 
which Vetter (78) describes as the M. pharjnngeus trans¬ 
versus {Tva.Tvp,, fig. 9). The posterior muscle is wide and 
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flat, having a very extensive insertion along the mesial sur¬ 
face of the fourth ceratobranchial arch. Both muscles are 
supplied by branches from the fourth ramus of the nervus 
vagus. They function as constrictors of the pharynx, while 
the anterior also slightly pulls the pharynx forward. 

b. Mm, pharyngoclaviculares. In the toadfish, as in Scom¬ 
ber scomber, two muscular slips connect the pectoral girdle 
with the pharynx. The largest, the m. pharyngoclavicularis 
internus {Pci,, fig. 4) originates from the anterior surface of 
the clcithrum (clavicle of older writers) opposite the pelvic 
fin. It passes medially and forward io insert on the ventral 
curvature of the fifth ceratobranchial opposite the origin of 
the y)haryngohyoideus muscle. 

The M. pharyngoclavicularis externus (Pee., figs. 4 and 9) 
arises from the anterior surface of the cleithrum, just oppo¬ 
site th(» pectoral fin and passes forward somewhat dorsome- 
dially to insert on the posterior surface of the fifth cerato¬ 
branchial arch near the internus. They are both supplied 
by branches from the pharyngeal i‘oot of the nervus vagus 
(fig. 11). Their most important action is to draw the pharyn¬ 
geal and the whole branchial apparatus backward and 
downward. 

c. Mm, phariffigo-abdomini. Due to the jugular position of 
the jK»lvic fins, the ventral musculature is somewhat different 
from that in any of the forms tabulated on the chart. Hie 
superficial layer is a cephalad extension of the ventral ab¬ 
dominal musculature which continues over the cleitlirum to 
attach on the ventral surfaces of the second, third, and fourth 
basibranchials. A band of fascia separates the two divi¬ 
sions of the ventral musculature. It shows the definite seg¬ 
mentation of the body musculature. This layer may be called 
a rectus abdominis {R.A., fig. 4). Maurer (’12) describes a 
similar arrangement in various teleosts. A deeper layer 
arises from the anterior surface of the cleitlirum and passes 
forward to insert on the posteroventral surface of the last 
basibranchial (Sh., fig. 6). This corresponds to the m. sterno- 
hyoideus in Scomber, although no sternum is present. This 
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group is supplied by the first spinal nerve. Their usual action 
is (o pull the hyoid bone baeWard and downward, thus de¬ 
pressing the floor of the mouth. With the hyoid bone fixed, 
they will slightly pull the cleithrum and pelvic girdle forward. 

(1. Mm. interarcuales ventrodes. Lateral to the median ven¬ 
tral aponeurosis and dorsal to the m. stenohyoideus lies the 
round m. pharyngohyoideus. It arises from the posterior 
surfaces of the first and second basibranchials (Kingsley, 
’25) and passes posterolaterally to insert on the anterior sur¬ 
face of the hypobranehial of the fourth arch medially to the 
insertion of the m. pharyngoclavicularis internus {Ph., figs. 
4 and 9). This muscle is supplied by a pharyngeal ramus 
of the nervus vagus. When the hyoid is fixed, it draws the 
pharyngeal arch forward; and when the pharjmx is fixed, it 
depresses the buccal floor. 

Dorsal to the m. pharyngohyoideus, there are two small 
oblique muscles (Ov., 1-2), called the fourth ventral oblique 
in Scomber by Allis (’03) and mm. pharyngo-arcuales by 
Vetter (’78). To the writer the name used by Vetter seems 
preferable. The larger and most ventral arises from the pos¬ 
terior surface of the second basibranchial and hypobranehial 
cartilages to insert on the anterior surface of the hypobran- 
chial of the fourth arch dorsal to the m. pharyngohyoideus 
(r.a.l, fig. 9). Inserting with this is the smaller and deeper 
muscle which arises from the third basibranchial {P.a.2, 
fig. 9). These muscles are supplied by the pharyngeal ramus 
of the nervus vagus. Their function is like that of the phar¬ 
yngohyoideus. 

c. M, constrictor esophagei. The m. constrictor esophagei 
is well developed in the toadfish. The dorsal portion of the 
constrictor lies ventral to the mm. retractores arcuum bran- 
chialium and the m. transversus dorsalis posterioris. In Amia 
and Polyodon the constrictor pharyngis (esophagei) is con¬ 
tinuous with the transversus posterioris on both dorsal and 
ventral surfaces. In the toadfish this muscle is continuous 
only with the m. transversus posterioris ventralis. It is a 
constrictor attached continuously to the entire inner surface 
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of the fourth branchial arch, with strongly developed connec¬ 
tions to the pharyngobranchial and epibranchials of that arcli 
{C.E,y figs. 9 and 10). It always presents a well-developed 
posterior annular portion (fig. 9). It is supplied by small 
rami from the pharyngeal rami of the nervus vagus. The 
large constrictor makes possible such forceful regurgitations 
as the toadfish manifests. All of the ])reserved specimens 
have an everted esophagus. 

6’. Pectoral and pelvic girdle musculature 

Only a very general statement can bo made in this paper 
concerning this group. The description of the m. trapezius 
is in an unsettled state, and the two girdles need further in¬ 
vestigation. As Vetter (78) has stated, the trapezius in bony 
fishes is not i)resent as a muscle which passes from the pec¬ 
toral girdle to the cranium. The trapezius is rather repre¬ 
sented by a layer of dorsolateral trunk musculature which 
inserts on the superior occipital, exoccipital, parietal, and 
lateral occipital bones (Tp., fig. 1). It does, however, give an 
attachment to th(‘ suprascapular as it passes over that bone. 
It is supplied by the first spinal nerves. Its action is to ele¬ 
vate the head slightly, but more to aid in the lateral body 
movements. 

The pectoral muscles have l)een described in such forms as 
Scomber, Polyodon, and Amiurus in conjunction with the 
cranial musculature. The author has found that the pectoral 
muscles are well developed, due to the large fin, and conform 
very closely to the description given by Allis (’03) of Scomber 
scomber (figs. 1, 4, 5, and 6). 

The pelvic fin is small and lies anteromedially to the pec¬ 
toral fin. Its musculature is the most complicated in struc¬ 
ture of all the fins (Danforth, 73). The pelvic fins and their 
musculature have been thoroughly described in a large num¬ 
ber of forms by Davidoff (78, ’80). 
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DISCUSSION 

In goiipral, the cranial musculature of the toadfish is like 
that of Amia and Scomber, although less complex. The defi¬ 
nite differences are: no m. intetmandibularis; no m. bran- 
chiomandibularis; a long conical m. levator premaxillaris is 
present, supplied by the fifth nerve; seven branehiostegal rays 
connected by a heavy layer of fascia and oblique muscle 
fibers; and three pairs of triangular-shaped muscles arising 
from the ceratohyal and the first two branchiostegals insert¬ 
ing on the proximal medial surface of the first three branchi¬ 
ostegals successively. The latter are called depressores 
branchiostcgorum, as described by Owen (’66) in Perea flu- 
viatilis. Especially well developed are the masticator muscles 
represented by the prominent cylindrical adductor mandibu- 
laris and two triangular-shaped anterior and posterior 
pterygoideus muscles. The m, levator arcus palatini lies be¬ 
tween the two mm. pterygoidei and the m. adductor mandibu- 
laris. The buccal roof is formed primarily by the flat arched 
m. adductor arcus palatini and the m. adductor hyomandibu- 
laris. This group is supplied by the fifth-seventh nerve com¬ 
plex. The large eye and long orbit are correlated with well- 
developed typical eye muscles. 

The operculum is abducted by a large dilator and elevated 
and depressed by two smaller muscles, all supplied by the 
fifth and seventh nerves. 

The gill apparatus is composed of four branchial arches, 
the fourth without gills and giving origin to the large m. con¬ 
strictor esophagei. The arches are elevated by two internal 
and three external levator muscles; they are retracted by a 
pair of long mm. retractores arcuum branchialium. Two 
transverse and oblique muscles draw the dorsal portion of 
the arches together. Ventrally, the gill arches are adducted 
and the pharynx constricted by the two mm. pharyngo-arcu- 
ales, m. pharyngohyoideus, and the mm. transverse. The 
branchial and pharyngeal muscles are supplied by the ninth 
and tenth nerves. 
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The ventral segmented m. rectus abdominis and the smaller 
m. sternohyoideus, separated by a median aponeurosis con¬ 
nect the cleithrum and the pelvic girdle with tlie hyoid l)oiie. 
These muscles oppose the large m. geniohyoidous in depress¬ 
ing the hyoid bone and the buccal floor. The fourth branchial 
arch is connected with the cleithrum hj a mm. ifliaryngo- 
clavicularis internus et externus. 

The pectoral fins are large and their muscles well devel¬ 
oped, while the jugular pelvic tins are small and their muscu¬ 
lature complex. The mandibular musculature, as a whole, 
is well adapted to the voracious and carnivorous habits of 
the toadfish. The branchial mechanism is adapted for a 
high degree of efficiency in the utilization of water with 
a low oxygen content, to whicli individuals of this syiecies 
are often subjected. The branchial chamber is large and 
capable of considerable dilation, due to the length and flexi¬ 
bility of the seven branchiostegal rays which have fascial 
connections with the operculum and a group of dilators and 
compressors (mm. levatores et depressores branchioste- 
gorum). The opercular aperture is relatively small and en¬ 
tirely posterior, so that the water during expiration flows not 
only through the gill slits, but also washes along the more 
posterior gills on its way out; in this way there is secured a 
maximal exposure of the water to the respiratory surfaces. 

SUMMAKY 

1. The cranial musculature of the toadfish is more special¬ 
ized than any of the teleosts which have been previously de¬ 
scribed. 

2. The eyeball is large and has long typical muscles. No 
intermandibularis or branchiomandibularis is present. A 
levator premaxillaris, supplied by the fifth nerve and not 
described before, is present. 

3. This species has seven branchiostegal rays connected by 
a heavy fascia and oblique levator muscles; they are de¬ 
pressed by three small adductors; the innervation of the two 
groups is from the fifth-seventh nerve complex. 
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4. The gill apparatus is composed of four pairs of branchial 
arches, the last one without gills. The arches have a com¬ 
plete set of levators, adductors, and retractors supplied by 
the ninth and tenth nerves. 

5. Especially well developed are the masticator muscles 
represented by a large adductor mandibularis and an anterior 
and a posterior pterygoid muscle. This group is supplied by 
the fifth and seventh nerves. 

6. The pelvic fins are small and have a jugular position, 
while the pectoral fins are large. Two narrow muscles connect 
the cleithrum with the pharynx. A short heavy median raphe 
joins the medial end of the cleithrum and the pelvic girdle. 

7. The ventral segmented rectus abdominis, separated by 
a median aponeurosis, passes over the cleithrum and attaches 
to the basibranchials. No sternum is present, but a sterno¬ 
hyoid muscle connects the cleithrum with the branchial 
arches; these muscles and the hyohyoid muscle oppose the 
large geniohyoid in depressing the hyoid bone and the buccal 
floor. A large trapezius muscle is present. 

8. The cranial anatomy of the toadfish is well adapted to its 
carnivorous habits; the structure of its branchial apparatus 
makes efficient respiration possible under asphyxial condi¬ 
tions. 
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AUTHOR’S ABSTRACT 

The cytological and hiBtochemical evidence presented in this paper shows the followine 
facts 1) The mitochondria are not directly transformed into yolk They may bo concerned 
in its synthesis in so far as they are a factor in the interactmfr cytoplasmic system, but 
there are no visible morphological expressions of this functioning. 2) The accumulations of 
aorjueouB substances in the cytoplasm in the form of droplets stainable vitally by neutral red, 
‘vacuoles,’ are the forerunners of the first yolk. During the building up of the yolk the 
aoc^ueous droplets become more and more dehydrated and lose their capacity for being vitally 
stained. 3) These aequeous vacuoles give the impregnation results commonly ascribed to 
the Oolgi apparatus and are interpreted as such. Special emphasis is laid on the question 
of the identification of the Golgi apparatus 4) The fat arises de novo in the cell ind«<' 
pendently of the mitochondria or the vacuoles. It becomes dispersed throughout the cell 
amon^ the yolk plates, and the hpoidal content of the latter increases at the end of vitello¬ 
genesis, when the fatty globules ore intimately pressed in among the yolk plates 5) At a 
late stage in the growth of the yolk plates there is the sudden appearance of large quan¬ 
tities of glycogen in the perinuclear rone and throughout the cytoplasm 
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INTEODUCTION 

The question of the changes taking place in the cytoplasm 
of developing eggs has long occupied cytologists. As more 
precision is reached in methods of approach, more and more 
accurate information can be obtained on the complex altera¬ 
tion in the formed elements of the cytoplasm during oogen¬ 
esis. The origin of the yolk spheres, which form by far the 
largest part of the cytoplasmic content of the mature egg, 
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is one of the problems which has been the center of much 
controversy. In some cases the yolk has been described as 
arising from the mitochondria, as, for example, in the cases 
reported by Lams, Gadjewska, Konopacki, Margaret Murray, 
Hirschler, and others. Avel, in the case of the frog, was 
unable to confirm this. On the other hand, many authors 
have demonstrated an intimate relationship between the 
Golgi apparatus in the egg cell and the earliest formation 
of yolk (Parat, Hibbard and Parat, Parat and Parat, Weiner, 
Gatenby in some cases, Nath, Brambell, Ludford, Wheeler, 
Steopoe, etc.). These is, in some cases, question as to the 
validity of comparing these results, since not all cytologists 
are agreed as to the cellular structure or structures which 
can be named Golgi apparatus. It is quite evident that the 
usual methods for demonstrating the Golgi apparatus, i.e., 
impregnation by silver nitrate or by osmic acid, can give 
blackened bodies which are not necessarily all of the same 
constitution. Mitochondria, more or less normal in form, 
depending upon the excellence of the fixation, fat-droplets, 
lipoidal granules, and the true Golgi apparatus can be easily 
confused after these means of treatment. In still other cases 
(Harvey, Husain, Guthrie, Gatenby and Woodger in Grantia) 
the yolk is described as arising directly from the homogene¬ 
ous cytoplasm without relation to any of the preexisting 
formed substances. 

In the following description of the history of the develop¬ 
ing egg from its earliest stages up to the ripe egg ready for 
fertilization, some of these problems are met and a possible 
solution of the diflSculties is otfered. 

The material used was Discoglossus pictus Otth, sent from 
Algeria through the kindness of Mr. M. Bose. The work was 
done during the time when the author held the Sarah Berliner 
Fellowship of the American Association of University 
Women, in the laboratory of Comparative Anatomy and Com¬ 
parative Histology of the Sorbonne, in Paris. It is a great 
pleasure to express appreciation for the cordial hospitality 
of Prof. Paul Wintrebert of that laboratory, and for the help¬ 
ful advice and criticism of Dr. Maurice Parat. 
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METHODS 

The technique used in the study of the ovari(»R was ex¬ 
tremely varied. The general fixatives, such as Bouin-Hol- 
lande, were good for topographic information, but useless as 
cytological agents. For the Golgi apparatus the osmic-acid 
methods of Chami)y, Benoit, Mann, Kolatschev, were em¬ 
ployed, but these gave also impregnation of fat and even of 
mitochondria. The silver-nitrate impregnation methods of 
Da Fano and Cajal gave information on the Golgi apparatus, 
but frequently included mitochondria and always the pigment 
and prepigment granules. For the mitochondria, the best 
method was found to be Dietrich as modified by Parat, fol¬ 
lowed by Altmann’s acid fuchsin, and counterstained with 
toluidin blue as indicated by Kull or by the modification of 
Volkonsky. Numerous fixatives for specific histochemical 
tests, such as 10 per cent forraol in physiological salt solution 
for research of fats and related substances, absolute alcohol 
for glycogen, copper acetate in formol for fatty acids, calcium 
salicylate for soaps. The most important single method was 
that of vital examination with or without vital staining in 
neutral red and Janus green. The interest in this method lies 
in the light it throws on the sections of fixed material. As a 
sole method of study it would be quite insuflicient, because 
the cells must be examined entire and the fine points visible 
in sections of 2 m thickness, as in the Dietrich-Parat Altmann- 
Kull material, for example, escape notice. However, for an 
understanding of the general relations of the formed ele¬ 
ments of the cytoplasm and as a means of identification of 
certain easily confused things like the Golgi apparatus, it is 
indispensable. 

OBSEBVATIONS AND INTERPRETATION 

In the youngest observed cells in the ovary, a marked polar¬ 
ized condition is visible. This polarity is apparent in the 
arrangement of the mitochondria, of the earliest globules of 
fat, of the Golgi apparatus. Gradually the localized groups 
of these cell constituents become disseminated more or less 
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evenly around the nucleus as a center, some occupying a more 
peripheral zone, others a zone adjacent to the nuclear mem¬ 
brane. As growth proceeds the arrangement in strata is 
gradually replaced by a general diffusion and intermixture 
of cytoplasmic inclusions. This is accompanied by an in¬ 
crease in quantity of these substances as a result of an ab¬ 
sorption of material over the surface of the egg cell and 
processes of elaboration going on continually within the cyto¬ 
plasm. The most striking of these additional inclusions is 
the yolk which in the mature cell literally crams the cyto¬ 
plasm, and among the platelets of which are found the other 
cell constituents. 


Mitochondria 

After Dietrich-Parat technique the mitochondria are most 
clearly visible in the form of fine filaments. They may also 
be seen following the osmic-acid fixatives and, in some cases, 
after silver impregnation. At first these filaments are accu¬ 
mulated in a tangled mass on one side of the nucleus (fig. 1). 
The rest of the cytoplasm is quite homogeneous. From this 
position filaments appear to loosen themselves from the mass, 
or ‘Balbiani corpuscle,’ and migrate oqt in bunches (fig. 1). 
As this process goes on they become very much more numer¬ 
ous. It is quite impossible to say whether new mitochondria 
appear independently in the apparently homogeneous cyto¬ 
plasm or whether they continue to be crystallized out in asso¬ 
ciation with already existing mitochondria. In any case, they 
represent morphologically an increasing accumulation of pro¬ 
tein and lipoidal constituents of the cytoplasm. 

For some time the more concentrated tangled mass persists 
on one side of the nucleus, and attached to this are still seen 
strands of mitochondrial filaments which appear to be migrat¬ 
ing out. Ultimately, however, the distribution loses its polar¬ 
ized aspect and the entire cytoplasm becomes filled with fila¬ 
ments. At this time the orientation of the mitochondria 
becomes distinctly different. They all seem to be radially 
arranged about the nucleus, perpendicular to the surface of 
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the egg. There appears a slight perinuclear zone entirely 
free from mitochondria, and outside this space there is a 
zone where the mitochondria are more concentrated, as if 
they had been pushed passively away from the nuclear mem¬ 
brane and concentrated in this zone (fig. 2). The orientation 
of all the mitochondria would seem to show the presence of 
centrifugal currents in the more fluid protoplasm which leave 
the mitochondria strewn along their paths. In a stage simi¬ 
lar to this the eggs fixed by Champy’s fluid show the mito¬ 
chondria throughout the entire cytoplasm agglomerated in 
dense masses, leaving wide spaces between free from mito¬ 
chondria. These corresi)ond with the ^crackled’ appearance 
of the cytoplasm figured by Champy and Gley in young ovo¬ 
cytes of many species. Fixation in another osmic-acid fixa¬ 
tive, that of Mann, shows the mitochondria more nearly as 
they appear after Dietrich-Parat. Levi, in other Amphibia, 
figures filaments as in Discoglossus. Indication that this is 
the more normal condition rather than the agglomerated 
masses is found in examining living eggs. The mitochondria 
are more highly refringent than the surrounding cytoplasm 
and therefore visible in the unstained living egg. Thej’^ never 
show a ‘crackled’ appearance in the fresh cells. The general 
distribution of mitochondria described above persists during 
the early stages of vitellogenesis and fat migration (fig. 3). 
For some time the filaments are visible among the yolk plates. 
In later stages granular elements arc found along the yolk 
plates. These may be chondriomites or they may be appear¬ 
ances due to the great abundance of yolk which necessitates 
cutting the mitochondria transversely in a very thin section, 
since they are forced out of a given plane by the platelets 
of yolk. The egg when full of yolk is opaque, and therefore 
observations on this point in the living egg are impossible. 

The polarized mitochondrial mass visible in young stages, 
which represents the yolk nucleus or nebenkern or Balbiani 
corpuscle of various authors, is completely disorganized and 
disseminated through the cytoplasm in the early stages 
already described. There is no indication of such a body at 
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the beginning of yolk formation or even much later after the 
yolk plates are well established and considerably enlarged. 
But in a still more advanced period there is formed de novo 
on one side of the nucleus a compact body giving the lipoidal 
reactions (deep blue after Dietrich, orange-yellow after Ciac- 
cio), and showing on close examination a tangled filamentous 
structure. This mass appears only after the polarity of the 
egg has become well established and the nucleus displaced to 
a position nearer the animal than the vegetal pole. It always 
occurs on the side of the nucleus nearer the vegetal pole. Its 
duration is not long; it diffuses laterally and before the egg 
is fully ripe, while the nuclear membrane is still intact, it has 
completely disappeared. 

Weiner, in Tenegaria and Lithobius, has considered in de¬ 
tail the origin and fate of the yolk nucleus. He finds an inti¬ 
mate connection between it and the Golgi apparatus; there¬ 
fore, a further discussion of this point will be found at the 
end of the section on the Golgi apparatus. 

In all stages the mitochondria give the lipoidal reactions 
of Dietrich and Ciaccio. That is, after fixation in Helly’s 
fluid and insolubization by potassium bichromate, they stain 
orange by sudan III and deep blue by Kultschizky’s hema¬ 
toxylin. 

Fat 

The suc/cessive changes undergone by the fat present in the 
egg can be best observed after fixation in 10 per cent formol 
in physiological salt solution followed by staining with Sudan 
III on sections cut with the freezing microtome. In the very 
smallest eggs there is nothing which gives the characteristic 
red of Sudan HI on fats. Very soon, however, one or two 
globules appear (fig. 4). These increase in number as more 
and more absorption and elaboration take place, and the fat 
becomes localized, often polarized, just outside the nuclear 
membrane (figs. 5 and 6). The fat increases, and from this 
position on one side of the nucleus it migrates around the 
nucleus until there is a definite zone containing a large amount 
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of fat just outside the nuclear surface (fig. 7). After the coni- 
meneement of yolk formation, not before, the fat begins to 
migrate peripherally (figs. 8 and 9). It should be remembered 
that, at this time, the Golgi apparatus is widely separated 
from the fat by practhially the entire thickness of the cyto¬ 
plasm. The large compact groups of fatty globules separate 
into fine droplets and spread through the midzone of the 
cytoplasm as indicated in figure 10. Here it has disseminated 
among the spheres of yolk which have migrated into this 
position and are rapidly growing. The isolated elements of 
yolk pushed in from the peripheral part of the cell and the 
globules of fat migrating out from the central region become 
intimately associated mor])hologically in this midzone. Then 
follow the gradual changes leading to the definitive distribu¬ 
tion of the yolk in the ripe egg. Here the cytoplasm is packed 
with yolk throughout, and between the yolk plates are found 
numerous minute droplets of fat-like material which blacken 
with osmic acid and give an orange-red with sudan ITT after 
formol. It would appi^ar that these fats correspond to the 
‘fatty yolk’ of Brambell, Gatenby, and others. 

The reaction of sudan HI on the fat is specific. Fat can 
be demonstrated also by the osmic fixatives, Champy, B. O. 
S. U., Mann, and others. In all such preparations the globules 
visible after sudan III can be seen blackened by the osmic acid. 
Simple fixation without postosmification blackens fat alone; 
but in the pieces which have undergone prolonged impregna¬ 
tion with osmic acid there are other structures as well which 
apj)ear black. 

The chemical nature of these fat-globules seems to be very 
complex. The polarizing microscope on fresh eggs shows 
the material to be isotropic. This rules out simple ethers 
of cholesterin and certain lecithins which are known to be 
birefringent. Sections cut with the freezing microtome of 
ovaries fixed in 10 per cent formol in physiological salt solu¬ 
tion (6/1000) give more exact information as to the composi¬ 
tion of these globules. The neutral fats present are largely 
saturated like stearin and palmitin, since the unsaturated 
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olein gives, according to Mulon’s reaction, a deep black color 
by twenty-four hours’ treatment with osmic acid on frozen 
sections. In this case the color is gray, and only after sub¬ 
sequent treatment by 70 per cent alcohol for twenty-four 
hours does it give definitely the black reaction. The presence 
of fatty acids in the complex is indicated by a deep blue stain 
after Nile-blue sulphate, and red after neutral red (Lorrain 
Smith). These results with neutral red and Nile blue on 
fixed sections should not be confused with those obtained by 
vital staining. The technique of Windaus (treatment with 
digitonin followed by sulphuric acid) gives a positive pink 
reaction near the surface of the cell, indicating the presence 
of cholesterin in that region, but no reaction at the level of 
the fat-globules. 

The position occupied by the fats appears after such fixa¬ 
tives as Bouin, Hollande, and Helly as empty spaces which are 
entirely visible in the sections. 

Golgi apparatus 

The two generally accepted types of treatment for the 
demonstration of the Golgi apparatus are impregnation- by 
silver nitrate and by osmic acid following appropriate fixa¬ 
tives. But these methods are not specific for the Golgi ap¬ 
paratus. After Oajal or Da Fano fixation and subsequent 
treatment by silver nitrate there are many things blackened. 
Some of these are undoubtedly mitochondria. This can be 
determined by comparison with the definite mitochondrial 
methods. However, after Oajal and Da Fano the mitochon¬ 
dria are not always impregnated, and frequently, when visi¬ 
ble, they have undergone serious modification as the result 
of bad fixation. They may appear as slender blackened fila¬ 
ments or as filaments with swellings and granules along their 
length; they may show apparent anastomoses; or they may 
be fragmented into isolated grannies. All cells of a single 
section do not contain impregnated mitochondria, even though 
there are some cells which do. The method is extremely 
capricious and the reasons for the success or failure of the 
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impregnation are not known. In addition to the possible 
mitochondria one always finds the pigment and x)repigment 
granules strongly blackened by silver nitrate. These granules 
are not easily confused with the other things present because 
of their extremely minute size. The true Golgi ax:)paratus 
may be impregnated as well as all these other substances. 
Here, also, the method is extremely cax)ricious, because a 
whole block of tissue fails to be impregnated at all, or some 
few cells may be good and the rest worthless, or practically all 
cells may show nicely the Golgi bodies. One can never be 
sure to what extent the Golgi ax)i3aralus or the mitochondria 
will be imyjregnated. By this method the identification of 
the Golgi apparatus consists in making as comp)lete an im¬ 
pregnation of the cell as possible, eliminating the structures, 
such as mitochondria and x>igment, which have been previously 
localized by other methods, and after that the unidentified 
residue is probably the Golgi apparatus. 

The other accepted method for showing the Golgi apijaratus, 
that of osmic-acid imx)regnation, is not more sure. It con¬ 
sists in fixation in some fixative containing osmic acid, such 
as Chamx)y, Mann, Kolatchef, Nassonov, and subseiiuent 
treatment in 2 per cent osmic acid for a long x>eriod—up to 
several weeks. This may be done at room temperature, but 
the results are hastened if it is done in an oven at 37°. The 
very first thing to be blackened by the osmic acid is the fat. 
Then other cell constituents become blackened, and after a 
very long time the entire cell is black. This progressive 
impregnation can be arrested at any point by a few simple 
experiments to determine the oj>timum time necessary on a 
given tissue, or a regressive method may be ’ employed as 
indicated by Parat and Painleve. Here the technique con¬ 
sists in a progressive bleaching wdth potassium permanganate 
and oxalic acid. The degree of bleaching is entirely depend¬ 
ent upon the wishes of the operator, and there is nothing 
precise about the method. Most of the fat can be removed 
from the preparation by treatment for several hours in 
turpentine, but in these eggs there are often left after such 
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treatment some black bodies which correspond exactly in 
form and position to fats stainable, under other conditions, 
by Sudan III. The conclusion is reached that some of the fat¬ 
like substances may be rendered insoluble in turpentine by 
fixation and postosmification. 

These various methods indicate that one cannot with cer¬ 
tainty separate the Golgi apparatus from the mitochondria, 
on the one hand, or the fat on the other, except in a negative 
fashion. By the methods of Dietrieh-Parat, or Regaud-Tupa, 
or Champy, one can identify the mitochondria and by sub¬ 
tracting these from those cases of silver-nitrate impregnation, 
where both mitochondria and Golgi bodies are impregnated, 
one can approximate what represents the Golgi apparatus; 
by formol-freozing methods the fat can be localized, and by 
subtracting what one sees by this means from the total osmic 
pictures one can likewise approximate the Golgi apparatus. 

In the present case of Discoglossus the two methods arrive 
at the same result—an impregnated Golgi apparatus which 
undergoes progressive changes in the developing egg. Prom 
an original irregular distribution in groups of discrete bodies 
which appear to migrate from a given point on one side of the 
nucleus, these elements approach the surface of the egg and 
lake up a position in the peripheral zone of the cytoplasm. 

But there exists, in addition to these, a specific method of 
staining the Golgi apparatus in these eggs. They may be 
stained vitally by neutral red. That is, the only structures 
in the egg that can be identified by methods ordinarily in 
use by the majority of cytologists (Nassonov, Bowen, 
Gatenby, Brambell, Ludford, Perroncito, Cajal, and others) 
for demonstrating the Golgi apparatus, i.e., those structures 
indicated above as the result of the techniques of silver or 
osmic impregnations, can be put in evidence by vital staining 
with neutral red, and no other cell constituents, with the pos¬ 
sible exception of the pigment, are vitally stained by this 
means. In addition there is the large amount of evidence of 
Parat and his collaborators as to the specificity of neutral 
red for the Golgi apparatus in a variety of cells. The coinci- 
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donee between the imprognato(4 Golgi api)aratns in fixed ma¬ 
terial and the vaeiioles stainable by neutral red in the living 
cell is astonishing. The word vacuole and the inclusive term 
^vaeuome/ always used by Parat, which includes the sum 
of the entire vacuolar system of the cell, are not descriptive 
terms. As in all questions of nomenclature, the X)riority rule 
holds true, and these bodies, long described as vacuoles in 
plant cells, are no more empty spaces in the cytoi)lasm than 
the cell itself, first described by Hooke, is a hollow box of 
corky material. In the discussion of the formation of the 
yolk of these (^ggs the question of the contents of the vacuoles 
or Golgi elements will be considered. 

The ovary of Discoglossus is a material upon which vital 
staining is accomplished with difficulty. The postvital method 
of removing the organ and allowing it to stand some time 
in Kinger’s solution saturated with inuitral red, which is 
quite successful on certain tissues, such as ovaries of the 
porch, gave absolutely no coloration at all. The only staining 
was after several hours, when the entire cell became permeable 
because of its death and the nucleus was colored red. After 
the death of the cell Jieutral red has no further electivity for 
the Golgi bodies. 

Vital staining was accomplished by injection of iieutral red 
saturated in Ringer’s solution. This saturation must be done 
at a higher temperature than that of the laboratory, and 
when precipitation occurs after several days of normal tem¬ 
perature, the solution must be reheated. Injections of 2 to 
4 cc. of neutral red alternately into the lymph sacs, into the 
peritoneal cavity, and into the digestive tract by way of the 
mouth, every day for a period of ten days, gave good results. 
After this the animal may be killed, the ovary teased apart 
in Ringer’s solution, and the smaller eggs mounted on a 
slide. By this means the whole egg is examined, and until 
the stage is reached where the yolk is well formed, the egg 
is sufficiently transparent so that the whole of the cytoplasm 
may be studied. Later, the opacity due to the accumulation 
of yolk renders vital examination of the deeper regions im- 
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possible, but the superficial r-egions can be studied even in 
the latest stages. 

In the young stages the vacuoles colored by neutral red are 
localized on one side of the nucleus (fig. 11). This general 
region corresponds exactly with the polarized mitochondria 
observed in sections. In fact, in the living egg the mitochon¬ 
dria are clearly visible as refringent bodies, closely applied to 
and winding among the red vacuoles. This relationship is 
strongly reminiscent of that observed in the egg of Amblys- 
toma by Parat and Painleve, and also that in the egg of the 
perch (Hihbard and Parat). As was pointed out in the latter 
case, the close morphological relation of these two cellular 
elements may be the source of confusion in determining their 
chemical composition. Lipoids can always be demonstrated 
around the vacuoles, but never in them, contrary to the find¬ 
ings of Ciaceio. The source of the lipoids may be in large 
part the mitochondria, and also there are often accumula¬ 
tions of lipoidal substances in the cytoplasm of the region. 
Not all the histochemical reagents are good cytological fixa¬ 
tives, and the normal mitochondria, known to be delicate 
structures, are often deformed. The surface film separating 
the aqueous vacuolar contents from tire non-aqueous colloids 
of the cytoplasm plays undoubtedly a physical part in the 
lipoid accumulations. 

Weiner, in discussing the yolk nucleus in myriopods, indi¬ 
cates a possibility that the yolk nucleus may be the product 
of secretory activity of the Golgi apparatus. No observa¬ 
tions at all were made upon living eggs. There is a pos¬ 
sibility of a confusion in Weiner’s work as to the elements 
he calls Golgi apparatus. He states that they stain by fuchsin 
and hematoxylin after Helly’s fluid even more readily than 
do the mitochondria. In practically all cases the Golgi bodies 
are put in evidence with the greatest of difficulty by the most 
capricious methods. How can they be the same cell con¬ 
stituents if they are so resistant to chemicals which ordinarily 
destroy Golgi bodies? The yolk nucleus described in these 
special cases by Weiner is probably not comparable to the 
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polarized Balbiani corpuscle in Discoglossus. It is present 
in quite different stages of vitellogenesis. 

There can be no confusion between the vacuoles and the 
polarized fat in the youngest eggs, because the fat is located 
much nearer the nuclear membrane. Also it is impossible to 
stain fat vitally with neutral red. Fat-globules have been 
observed repeatedly in cells stained in neutral red, and never 
has there been the slightest red stain on the fat. 

From its original position the mass of vacuoles separates 
into smaller groups of vacuoles whicli migrate into other 
regions of the cytoplasm (tig. 12). They are associated for 
some time with tangled masses of mitochondria. Gradually 
those clumps of neutral red vacuoles separate and migrate 
peripherally, taking up the jmsition just under the surface 
membrane of the cell where we have already noted the (xolgi 
apparatus after im})regnation (tig. 13). 

At this point the chemical constitution of the contents of the 
vacuoles becomes changed and they are transformed into 
yolk plates. The further history, therefore, of the Golgi 
apparatus, or vacuome, will be considered under the title of 
‘yolk formation.’ 

Before leaving the question of the identity of the neutral 
red vacuoles as compared wdth the impregnated Golgi ele¬ 
ments, we may note that not only do they coincide morphologi¬ 
cally at any given stage so far as we can compare two 
similar cells, but also that the develo[)mental history of the 
vacuoles and the Golgi apparatus runs i)arallel. Bowen gives 
great weight to the developmental behavior of tin* Golgi ap¬ 
paratus in identifying it in varying types of cells. The evi¬ 
dence that we are dealing with two manifestations of the same 
thing is even more conclusive in cells of the same kind. Here 
the classical Golgi apparatus as determined by impregnation 
methods is found to correspond strikingly with the neutral- 
red vacuoles. 
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Yolk formation 

The yolk plates may be seen by a variety of means, since, 
once forme<l, the yolk is a cellular constituent which persists 
after all fixatives. There is no possibility of the confusions 
which may easily arise in connection with the Golgi bodies or 
mitochondria which react quite differently under varying con¬ 
ditions. 

The earliest yolk in Discoglossus is found in the peripheral 
region of the cell just under the surface membrane. Figure 8 
shows a portion of an egg with young yolk plates which were 
stained red with Altmann’s acid fuchsin. They are strictly 
limited to the outer regions of Ihe c 3 dopla 8 m. It should be 
noted that fat is clearly demonstrated near the nucleus and 
has not the slightest contact with the yolk-forming zone. Just 
outside the fat there are clouds which represent the accumula¬ 
tion of mitochondria which were more clearly visible in the 
cells illustrated in figures 2 and 3. The region, therefore, 
richest in mitochondria has no relation with the zone of the 
earliest formation of yolk. There exist, of course, filamentous 
mitochondria throughout the cytoplasm, but they are not 
more numerous nor larger where yolk is being formed, nor 
are there any evidences of changes of mitochondria into yolk. 
In the Altmann-Kull and Altmann-Volkonsky preparations 
after fixation in Dietrich-Parat, the mitochondria and the 
yolk give similar staining reactions. In the peripheral re¬ 
gion there are more mitochondria in the form of granules than 
elsewhere, but this is probably due to the fact that the fila¬ 
ments lie parallel to the surface and there is a greater chance 
of their being cut transversely here than elsewhere. These 
minute apparent granules resemble very closely the most 
minute of the yolk plates, but this is not sufficient evidence 
for assuming a transformation of one into the other, as indi¬ 
cated by Konopacki. Furthermore, the mitochondria are 
regularly distributed, while the yolk, when newly formed, 
appears in clumps. 

On the other hand, there is a striking correspondence be¬ 
tween the impregnated Golgi apparatus and the developing 
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yolk. Ill the cell after vital stainiii/;^ (fig. 13), the Golgi bodies 
are located exclusively in the yolk-formiiig zone (compare fig. 
8 ). P^om this region there is rapid migration toward the 
nucleus, shown in the osmic impregnation illustrated in fig¬ 
ure 3. The yolk follows a parallel development. P^rom its 
first iiosition, as in figure 8, it migrates inward (figs. 9 
and 10) and is distributed throughout the cytoplasm. In the 
impregnations of early stages with silver nitrate, such as that 
shown in figure 8, the yolk is entirely blackened. In the later 
stages the yolk is very well preserved and can be seen with 
or without counterstainiiig, but is not blackened. In favor¬ 
able sections there are frequently visible black rims or 
crescents around the yellowish yolk jdates. These crescents 
are lU'ver found in the fully ripe eggs. The conclusion here 
is that tlie Golgi bodies are transformed directly into yolk, 
and as the yolk becomes more and more completely elaborated, 
it loses its abilit.y to be completely impregnated until only a 
surface film can be blackened, and finally nothing at all. 

The evidence for this statement is vovy much more con¬ 
clusive as a result of studies of vital staining. The Golgi 
(dements are clearly stained vitally by neutral red in the 
t‘arly stages, as indicated above. They retain their staining 
capacity throughout their peripheral migration, but in their 
subsequent diffusion through the cytoplasm they become less 
deeply stained. The individual vacuoles are gradually di¬ 
vided and distributed in the cytoplasm, and in this stage they 
are recognizable as yolk plates. In the eggs containing 
numerous very small spherical yolk plates, all the yolk is 
colored a yellowish red in contrast to the deeper red of the 
Golgi apparatus in its younger stages. The transformation is 
visible in a complete series of intermediate steps. The yolk 
grows continually in size and the plates become oval in shape. 
At this point they are no longer colored entirely by neutral 
red, even faintly, but there remains on the surface a watery 
rim or crescent which is distinctly stained by neutral red. 
The evolution of a single yolk plate as demonstrated by vital 
staining with neutral red is as shown in figure A. 
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Tlie chemical composition of the Golgi bodies with their 
later transformation into yolk is only partially known. The 
earliest stages are undoubtedly aqueous solutions of colloidal 
substances, probably protein in nature. They are very fluid 
at first and therefore extremely difficult to fix. The fact of 
their stainability by neutral red indicated their essentially 
aqueous composition, since fats are never stainable vitally 
by neutral red. The pH of these vacuoles can be roughly 
determined by the tint assumed by the neutral red, and it is 
found to be slightly acid. 

From the moment that the Golgi apparatus is located at 
the surface layer of cytoplasm, it begins to grow more con¬ 
centrated and therefore becomes fixable by other methods 
than the impregnations by silver nitrate and osmic acid. It is 
visible in the form of the first yolk plates. After this the 

• *000 
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Figure A 


gradual changes involved in the growth of the yolk during 
its migration are indicated by the lessened capacity for stain¬ 
ing with neutral red and also for impregnation. During 
this time of synthesis there is undoubtedly a concentration 
and dehydration going on in the contents of the vacuole. Such 
a process has been described in the eggs of the invertebrates 
Chrysaora and Para centrotus by Parat and by Parat and 
Parat. As the dehydration progresses the remnants of the 
aqueous phase cling for a period to the surface of the yolk 
plate, and it is this which forms the rim or crescent which 
can be seen by vital staining or by impregnation. When the 
egg has completely matured, there remains nothing except 
the pigment which is colored by neutrtil red. 

During vitellogenesis the largest yolk plates are found in 
the midzone of the cytoplasm, where they are mingled with 
the more and more finely divided fat-globules, migrating in a 
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direction away from the nucleus. These various bodies come 
to lie in intimate contact side by side; this is clearly demon¬ 
strated after osmic-acid fixatives. There is an addition of 
fatty or lipoidal molecules to the yolk at about this time, since 
the yolk takes a more decidedly orange tint after staining 
in Sudan III. 

Glycogen 

In the developing eggs of Rana, Konopacki and Konopacka 
showed in the earliest stages granules of glycogen. These 
were ulilized in the formation of yolk in the cell. In Disco- 
gloHsus there have been frmnd no evidences of glycogen until 
an advfinced stage in the process of vitellogenesis. Then, 
(|uite suddenly, there appears a great amount of glycogen in 
the perinuclear zone, and scattered in the form of minute 
granules all through the cytoplasm. It is in this stage that 
the polarized mass of lipoids is found on one side of the 
nucleus, as indicated on page 238. After technique for lipoids, 
this nebenkern gives positive reactions and all the zone 
around the nucleus out to the boundary of the zone of yolk 
plates is clear and uncolored; after fixation in absolute alcohol 
and treatment with iodized gum or Best’s carmine, the clear 
zone is a deep orange or a brilliant rose color, respectively, 
and the lipoidal nebenkern appears as a light-colored island 
in the midst of the glycogen. 

SUMMARY OF CONCLUSIONS 

The cytological and histochemical evidence herein presented 
shows, 1) the mitochondria are not directly transformed into 
yolk. They may be concerned in its synthesis in so far as 
they are a factor in the interacting cytoplasmic system, but 
there are no visible morphological expressions of this func¬ 
tioning. 2) The accumulations of aqueous substances in the 
cytoplasm in the form of droplets stainable vitally by neutral 
red, ‘vacuoles,’ are the forerunners of the first yolk. During 
the building up of the yolk the aqueous droplets become more 
and more dehydrated and lose their capacity for being vitally 
stained. 3) These aqueous vacuoles give the impregnation 
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results commonly ascribed to the Golgi apparatus and are 
interpreted as such. 4) The fat arises de novo in the cell 
independently of the mitochondria or vacuoles. It becomes 
dispersed throughout the cell among the yolk plates, and 
the lipoidal content of the latter increases at the end of 
vitellogenesis, when the fatty globules are intimately pressed 
in among the yolk plates. 5) At a late stage in the growth of 
the yolk plates there is the sudden appearance of large quanti¬ 
ties of glycogen in the perinuclear zone and throughout the 
cytoplasm. 
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EXPLANATION OF PLATER 

All fifjures were drawn with the camera lucida. The scale, in micra, appears 
on each plate. This scale was drawn from a graduated slide with the camera 
lucida, using the same set of lenses used for the drawing of the cells and has 
subsequently undergone the same reduction as the drawings. It will be noted 
that plate 2 has been reduced more than plate 1—a point to be considered in 
comparing the eggs. 


PLATE 1 

EXPLANATION OP PT6URRS 

1 Oroup of young oocytes. Dietrich-Parat fixation, Altmann-Kull stain. 
Mitochondria ap[>ear as filaments and granules. Compare distribution in smallest 
cell with that in largest. 

2 Older oocyte. Same fixation and stain. Mitochondria distributed through¬ 
out, except for perinuclear zone. 

3 Still older oocyte, Mann fixation, Altmann's acid-fuchsin stain. Note 
fat in black, mitochondrial filaments, and clear circles outlining yolk spheres. 

4 to 7 Formol fixation, sectioned by freezing microtome, sudan III stain. 
Note increase in number and change in position of fat-globules here drawn in 
black, but seen as brick-red in the preparations. 
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PLATE 2 

EXPLANATION OF FIGUBE8 

8 to 10 Successive stages in yolk and fat distribution. Champy fixation, 
AJtmann’s acid-fuchsin stain. Fat blackened, yolk red (here in simple outline). 

11 to 13 Living cells vitally stained with neutral red. Note arrangement of 
vacuoles and contrast with fat>globules. 

14 and 15 Peripheral portions of two living eggs containing yolk. Vitally 
stained with neutral red. 
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THE DIGITAL PADS OF THE TREE FROGS. A STUDY 
OF THE PHYLOGENESIS OF AN ADAPTIVE 
STRUCTURE 


(i. K. NOBLE AND M. E. JAK(’KLE 

EUiHTKKN riOURES 


AUTHORS’ ABSTRACT 

The disks of the tree frogs are covered Acntrallv m ith a superficial layer of 

vertically elongated, fibrous, and distally free cells between which there empty a senes of 
convoluted mucous glands. The latter are surrounded and. in the larger-disked species, 
divided into blocks by sheets of collagenous fibers. Tlie glands are emptied by the sqiieering 
together of the collagenous filaTS when the body weight exerts a pull on the terminal pha¬ 
langes, The disks function hj friction, cohesion, and adhesion 

The digital-disk apparatus was fully established before certain groups of frogs became 
arboreal. It is retained in otlu'rs which have reverted to the terrestrial habit The inter- 
calar.v cartilage increases the efficiency of the uiiparaius. It did not arise in phytogeny until 
after the afiparatus was developed 

.Vs thi; digital disks vary in extent in Iwith arboreal and terrestrial species, aiborealism 
seems to have resulted from a chance occurrence of large disks in the smaller bodied forms, 
at least, there is no progressive modification of the digits toward particular habitat require¬ 
ments 

The subarticular tubercles of many Salientia develop typical climbing apparatus. Tins 
may or may not be correlated with eii arboreal habit. In the species with the largest 
subarticular tubercles no apparatus is present. Arb<»real salamanders exhibit no special 
climbing mechanism, but adhere by pressing their moist integument against the substratum. 


Jt is kiiowii principally from the work of Scluiberg (’95) 
and Siedleeki (’10) that the tree frogs of two very different 
families have evolved a tree-climbing apparatus which is re¬ 
markably similar even to histological detail. The digital tips 
of both are dilated into disks which are peculiar in being 
covered ventrally with an epidermis of fibrous, elongate cells 
among which empty the long-necked, convoluted glands. As 
neither the glands nor the distinctive epidermis were known 
to be present in terrestrial species, the occurrence of both 
on the digit tips in such unrelated types as Hyla and Poly- 
pedates seemed to afford a splendid example of identical 
structures apparently called forth by identical functions. 
Several hylids have given up their apparently original 
arboreal habit and live to-day, as in the case of the cricket 
frog (Acris), among the vegetation or rocks near the water. 
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Other ground dwellers have developed digital dilatations, but 
do not climb trees. The question arises, have these forms 
the same kind of pads as Hyla and Polypedates? How close 
is the correlation between the arboreal habit and the presence 
of a distinctive type of pad! Further, has such a distinctive 
pad developed before or after the species became arboreal? 
The present study of the tree-climbing apparatus of the 
Amphibia was undertaken with a view to answering some of 
those (piestions. To determine, if possible, wdiether form in 
this case preceded or followed function. The paper is espe¬ 
cially pertinent at this time, for Hora (’24) has recently 
denied the occurrence of the specialized glands in a certain 
species of Hyla. No attempt has been made by previous ob¬ 
servers to work out the phylogenesis of the pads. 

THE DIGITAL DISKS OF HYLA 

The comprehensive monograph of Schuberg (’95) on the 
structure and function of the adhesive pads of tree frogs 
was based largely on Hyla arborea. This species was avail¬ 
able to us only in a limited series, but another, much larger, 
and therefore more suitable species, H. domiuicensis, was in- 
cludeii in the collections of the American iMuseum l)y a Iarg(» 
series of both living and well-preserved specimens. As the 
digits of the latter closely resemble in almost every detail 
those of TI. arborea, the following description is based on 
specimens of H. domiuicensis fixed in Zenker’s solution, 
but other siiecies of Hyla have been available for reference. 

The epidermis covering the ventral surface of the dilata¬ 
tions of the digit tips of dominicensis differs from that on 
other parts of the body. Its thickness has been increased to 
six to eight layers of cylindrical or cuboidal cells, those of 
the outer layers being elongated in a plane perpendicular to 
the ventral surface. All the cells of this epidermis are 
striated (fig. 1). On proceeding from the inner to the outer 
layers, the striations gradually pass over into distinct intra¬ 
cellular fibers. The formation of fibers from the striations 
is accompanied by an increase in size of a clear space or 
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vacuole ahoui the nucleus of ea(*li cell. The nucleus and 
vacuole are gradually jiushed to one side as the libers are 
foraied and the nucleus assum(‘s a sliri\’^(»led form. The 
nucleus in its extreme condition of reduction is usually densely 
stained by the cytof)lasmic dyes (tig. 1). The intracellular 
fil)ers run parallel to the long axis of tin* cells. This is usually 
vertical to the ventral surface* of the digit. The maiji tibers 
of (‘ach (*ell are conn(*ct(‘d witli one anoth(*r by many smalh*!* 
cross lilxu's and tlieir outer and innei* (‘uds are* bound lirmly 
togidlier. The outer ends of the cells n(*ver Hay out to form 
a s(*ries of biTishes, even in the most worn tissues. The cells 
in tile most superlicial layer are ]»artly sej)arat(‘d from each 
otln*r liy spaces ^^hich appear \vedg(‘“slia[)(*d in transverse 
section (tig. 1). On a surface view of the whole pad it is 
found that the distal (*nd of ea(*h (*ell is fr(*e from that oT 
its neighbors. Each c(‘ll would, thert*for(*, be abb* to act as 
a unit when pi*essing into the substratum. 

Schub(*rg ('Ho) attribut<‘s a nn^chanical function to the 
intracellular tibers. lie believes th(*y are elastic structures, 
M)ristb‘s,’ lik(‘ the hairs of a brush, which resist sho(*k and 
])ressuj*(» and ])(‘rmit the secretion of the glands to How into 
tin* intercellular spaces of the sujierticial layer. Schuberg 
b(*lieves that if the cells did not possess this elasticity, after 
the tirst jiressure tliey would be permanently Hatteued. He 
admits, however, that the elasticity of the c(‘lls decreases 
with age, for animals wliich have r(*(*(*nlly sh(*<l have the 
out(*r layer almost per})endicular, while shortly before shed¬ 
ding tlie supertieial cells are tiltt*d at a considerable angle 
(fig. 1). Schuberg’s implication that the intracellular fibers 
are elastic is open to olijection as they do not take an elastic 
stain. AVhile resorcin fuclisin, a specific elastic stain, colored 
the intracellular fibers a brownish purple, they could be dis¬ 
tinguished readily from tlie true elastic fibers which stained 
a deep blue in other parts of the pad. Haematoxylin with 
eosin or with picrofuchsin likewise stained the fibers a brown¬ 
ish black. Other stains were used, and in each case the intra¬ 
cellular fibers retained their brownish-black color, which 
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would indicate tliat they are not elastic, but some form of 
keratin, probably serving a protective purpose. Between the 
cells of the second layer, Schuberg noticed what he called 
short, spindle-like vacuoles, the anlage of the furrows which 
later partially separate the cells of the outer layer, giving 
them a wedge-shaped appearance. He attributed the prob¬ 
able origin of these vacuoles to intercellular canals. A close 
study of these areas has revealed that they are usually not 
empty, but each is filled by a flask cell similar to those de¬ 
scribed by Pfitzner (^80) and Wilder (^25). 

The flask cells have a definite flask-like form; the nucleus, 
wliich is oval and fills the base of the cell, does not contain 
the characteristic chromatin figures. Flask cells occur where 
two or three epidermal cells come together, and, unlike the 
other epidermal cells, are not joined to their neighbors by 
intercellular bridges. The upper end of the cell is closely 
connected with the outer horny layer, the whole cell being 
pulled out when the horny layer is shed. The appearance of 
a flask cell is often so transparent that it looks like a small 
vacuole, but upon close observation, it is apparent that a cell 
actually fills the space. The protoplasm of the flask cell is 
somewliat lighter and more finely granulated than that of the 
neighboring cells. A study of the flask cells in the deeper 
epidermal layers suggests that they do not multiply by 
mitosis, but are formed from tyincal epidermal cells. 

Observers previous to Pfitzner attributed a glandular func¬ 
tion to these cells, but Pfitzner’s interpretation that they 
serve a purely mechanical function is probably correct. He 
believes they form a close union between the horny layer and 
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C,b\, coJlagenous fibers 

E.F.j elastic libers 

r,C., flask cells 

I.C,, intercellular canals 

I.F,f intracellular fibers 

i.P., anterciilary phalanx 

M.G., parallel rows of mucous glands 


A'., nucleus 

S.F.f superficial layer of epidermis, 
showing wedge-shaped cells 
S.M., smooth-muscle strands 
8,P., snbarticttlar pads 
terminal phalanx 
r,S,, ventral side of disk 




Fig. 1 llyla domiJUcensiB (Tsehudi). Sagittal section of epidermis on ventral 
surface of digital dilatations. X 1220. 

Fig. 2 Ilyla dominicensis (Tgcliudi). Cross-section of deeper layers of epi¬ 
dermis and outer coriiim of digital disk, showing elastic fibers. X olO. 
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tl)o deeper epidermis cells. Pfilziier finds they occur in all 
Amphilha, except the peremiibranchs. 

All the epidermal cells, except the flask colls, are connected 
by intercellular bridges. The cells of the deeper epidermal 
layers are more abundant, somewhat cubical in form, and 
more irregular in their arrangement (fig. 2). The deepest 
(epidermal layer unites with the dermis by means of fine 
threads or processes from the ei>idennal cells whicli run deep 
into the corinm, apparently to join the connective-tissue 
fibers. At least, they form a distinct network, thereby insur¬ 
ing a close union between the epidermis and the corium, wliich 
is esjiecially necessary to prevent the epidermis from being 
torn off wlien the toe is withdrawn. 

The corium is composed of a comparatively thin layer of 
wliite counective-tissiu* fibers interspersed with many elastic 
fibers which spread profusely directly under the epidermis, 
forming a sort of fenestrated membrane which is pierced by 
the |)rocesses from the epidermal cells, l)y connective-tissue 
fii)ers, and by glandular diicts. The elastic fibers do not 
penetrate into the outer layers of epidermal cells. 

The deeper dermal layers are closely associated with the 
large glands which run in parallel rows almost the whole 
length of the i)ad (fig. 3). Those glands originate in the 
central or upper part of the pad, continuing ventrally into 
shorter and narrower ducts which perforate the epidermis at 
an acute angle. The glands are composed of a single layer of 
ciiboidal or slightly columnar cells with a fairly large, lumen 
whicli varies in size according to the activity of the cells. 
P^rom the structure of the cells and the staining properties 
of the secretion, as revealed by Mayer^s mucicarmine and 
muehaematein, it is evident these are mucous glands. Numer¬ 
ous elastic fibers encircle the glands. Between the parallel 


Fig. 3 Hylii dominieerisis (Tschudi). Frontal section of digital disk, showing 
j)arallel strands of collagenous tihers and mucous glands in deeper corium layer. 
X 83. 

Fig. 4 Polypedates leiicomystax Tschudi. Sagittal section of epidermis of 
digiinl disk. X 423. 




Figures 3 and 4 
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rows of glands are thick strands of collagenous fibers (fig. 3) 
which, like the series of glands, run the length of the pad. 
Some sagittal sections show only the collagenous strands, 
others only the series of glands. If the epidermis of the 
ventral surface of the pad is carefully removed, the col¬ 
lagenous strands can readily be seen. They are irridescent- 
white, closely resembling the long tendon running along the 
ventral side of the toe. With further dissection, these strands 
are seen to arise (a) dorsally on each side of the distal end 
of the next to last phalanx, not including the intercalary. 
Some fibers at the extreme right and left continue on the 
dorsal side and run toward the distal end of the last phalanx, 
but the majority turn toward the ventral side where some 
right fibers cross to the left and some left fibers to the right, 
to form x>ai"all<il strands which continue to^vard the distal 
end of the toe (fig. 13). As the fibers wind around toward the 
ventral side, a few a fibers (fig. 14) unite laterally with the 
broad band of c fibers which covers the ventral surface of 
the intercalary. A small branch, a', runs directly to the 
corium immediately lateral to the phalanx. A second set 
of fibers, h, shorter and less dense than a, arises directly 
distal to the latter. The majority of the h fibers have their 
ymint of insertion on the proximal dorsal surface of the last 
X)halanx, while a smaller branch, h% soon unites with a and 
follows their course. In addition to these, a third set of 
fibers, c, arises from the dorsolateral surface of the proximal 
end of the last phalanx. It is a broad band which runs uf)- 
ward over the a fibers, pierces them and then runs around 
to the ventral side of the phalanx and under the a fibers of 
the ventral surface (figs. 13 and 14), some right fibers cross¬ 
ing to the left and some left to the right, each fiber running 
into the parallel strands formed by the a and b fibers. Many 
of the c fibers are attached to the intercalary as they cross it. 
Thus each parallel strand which runs the long axis of the 
pad is composed of fibers from both the right and left com¬ 
ponents of the original a, b, and c strands of the dorsolateral 
surface of the phalanges. The distal ends of the parallel 
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strands are interwoven with the short connective-tissue fibers 
underlying the epidermis of the pad. In this way, the 
phalanges as well as the intercalary are firmly connected with 
the corium and close coordination between them insured. 
Sagittal sections show the attachment of the parallel strands 
to the last phalanx and the capsule over the intercalary. 
These arrangements may be better understood by referring 
to the diagram (fig. 18). 

The strands are not united with the tendons inserted on 
the dorsal (upper) side of the last })halanx. In dissecting, 
the tendons can be lifted ofT without removing the ligamentous 
strands. As in most ligamentous tissue, each strand is en¬ 
closed and pen(‘trated by elastic fibers. 

In his discussion of tlH» function of the adhesive apparatus, 
Schuberg mentions briefly some lateral articulating bands 
which unite the last two phalanges with the intercalary and 
with each other. He did not trace to a conclusion the course 
of th(‘se bands and therefore failed to recognize them as the 
collagenous fibers after they had split into separate strands 
between the parallel rows of glands. While Hyla avborea 
possesses relativcdy less collagenous tissue than II. doinini- 
(‘(‘iisis, nevertheless, the characteristic parallel ligamentous 
strands are very evident in several frontal sections of a 11. 
arborea toe which we have prepared. Schuberg believed the 
two large diverging bands of smooth muscle, symmetrically 
arranged, which run from the upj)er distal end of the last 
phalanx, and also those longitudinal strands of muscle em¬ 
bedded in the connective tissue between the glands wer(» the 
important factors in the functioning of the adhesive ])ad. 
He does not mention the stronger and more numerous parallel 
collagenous strands, and apparently overlooked the part 
which this tissue must necessarily perform in the operation of 
the adhesive apparatus. 

The digital disks are riclily supplie<i with blood vessels and 
capillaries. No blood vessels are found within the liga¬ 
mentous strands, but the glandular layers between the strands 
are well supplied with capillaries which follow the direction 
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of the glands. All the capillaries in the pad are very con- 
v()lul(*d to })rovjde for the sudden expansion and contraction 
which lake place. 

Directly under the tij) of tlie last })halanx at the distal end 
of th(‘ ])ad is a largo lymph space which is pierced by smooth- 
muscle fibers and connectiv^e-tissue fibers, but which does 
not possess the usual endotlielial l)oundary. There are no 
lym})h vessels visible in our preparations of the glandular 
regions. 

Between tlie last and next to last phalanx is the character¬ 
istic intercalary })halanx of the Hylidae (Noble, ’2r>). In 
H. domiiiicensis, it is of medium size and is composed of 
fibrous cartilage, without a marrow cavity. The intercalary 
is richer in cartilage cells than the hyalin cartilage of the 
phalanx ends, and, upon high magnification, fibrillae can 
be seen in the ground-substance. 

In bringing this description to a conclusion, it should be 
mentioned that, while the above nott^s were made on llyla 
domiiiicensis, they jirobably apply ecpially well to any species 
of the genus with large or medium-sized disks. We have 
studied in serial sections the disks of the following additional 
species: Hyla arborea, 11. baudinii, 11. cinerea, H. andersonii, 
H, (Pseudacris) ocularis, H. (Pseudacris) triseriata, and H. 
annectens. Tlie last species was the one described by llora 
{’24) as lacking tlie pad glands. Our sections, however, re¬ 
veal them as present and as fully developed as in H. cinerea, 
H. annectens agrees fully with the other species of the genus 
having medium-sized pads. The digital pads of the species 
of Hyla examined are not all alike. They differ chiefly in 
the degree of development of the ligamentous tissue between 
the pad glands, the species with smaller disks having less 
tissue, and this more irregularly distributed than in the 
largei* species. The phylogenetic and functional significance 
of this difference will be discussed below. 
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THE DKHTAL DISKS OF POLYPEDATES 

Siedleeki (’10) based his iuvesii^ratioDs on Po]ypedat(\s 
reinwardlii. Tiiis species of Polypedates was not available 
to us, but Polypedates leucomystax, whieli closely resembles 
it in most respects, was used for comparison. 

The epidermis of Polypedates leucomystax is nearly idcniti- 
cal with that of llyla dominicensis. Siedleeki says that Hyla 
has smooth uniform cells along the outer surface. From the 
ac(‘()mi)anying photographs (figs. 1 and 4) it is evident tliat 
the digital ])ads of both families have the sam(» structure, the 
smoothiK'ss of the outer layer depending u])on the time before 
sliedding. Siedl(H*ki luOieves that cells and tib(*rs from the 
corium run in betwecni tlie epid(‘rmal cells, })ringing not only 
the deeper layers, but all the epidcuTiial cells except those of 
the two outer layers into direct contact with the connective- 
tissue ehmients (»f the corium. In leucomystax W(‘ found con¬ 
nective-tissue libers only in the deepest layers of the e])i- 
dermis where the e])idermal j)rocesses formed a network with 
them. On a slide staiiu'd with picrofuchsin, where the epi¬ 
dermis stains yellow and white fillers pink, there is no trace 
of pink fillers between the yellow cells of the outer e])idermal 
lay(*rs. Likewise, on a slide stained with Mallory, no con- 
nectiv'c'-tissiie fibers which would stain bhu* were seen between 
the red epidermal cells. However, there are intercellular 
canals and bridges wliich extend from the outer layers to 
the corium, and what Siedleeki described as white fibers in 
his photographs are probably the canal-like intercellular 
sjiaces between the epidermal cells, as he makes no mention 
of intercellular bridges or canals. Siedleeki does not mention 
the flask cells, which are very obvious in Polyjiedates leu¬ 
comystax, as well as in P. reinwardtii (Siedleeki, ’10, fig. 5). 

The glands in Polypedates and Hyla are similar in struc¬ 
ture and apparently in function. Siedleeki, however, de¬ 
scribes these glands as serous, with a few mucous cells in 
each gland. After several staining tests (mucicarmine and 
muchaematoin) for mucus and after a comparison with the 
known mucous skin glands in the same preparation, it is 
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evident that these are entirely mucous glands, and what Sied- 
leeki describes as a few mucous cells in each serous gland 
are llie active mucous cells filled with the flocculent secretion. 
Tlie other cells are at rest following a discharge of their secre¬ 
tion, which can be seen in the lumen of the gland. 

Tliere is relatively less collagenous tissue in proportion 
to the glands in Polypedates than in Hyla, where the liga¬ 
ments are greatly developed. Except for this difference, the 
arrangement of pad elements is nearly identical in the two 
genera. Siedlecki gives an accurate description of this tissue 
so far as the proximal part of the pad is concerned, but he 
believed the distal pad was composed of thick strands of 
smooth muscle, running parallel to the long axis of the pad, 
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and reinforced with connective-tissue and elastic fibers. How¬ 
ever, what Siedlecki terms the muscular lamellae are actually 
continuations of the parallel collagenous fibers described by 
him in the proximal end of the pad, and not smooth muscle. 
Histologically and structurally, these fibers meet the require¬ 
ments for collagenous tissue. The accompanying chart shows 
the different staining reactions which were obtained between 
smooth muscle and the parallel collagenous fibers not only 
in I^olypedates, but also in Hyla dominicensis and H. arborea. 
When highly magnified, the individual muscle cells, with their 
characteristic nuclei more or less centrally located, can be 
distinguished from the collagenous fibers and cells which re¬ 
semble tendons in their composition. 

Siedlecki gives a detailed description of the blood vessels 
and capillaries in the pad of Polypedates. This agrees with 
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the conditions in Hyla. Tlie large lymph space on the dorsal 
side of the distal part of the pad is found in both genera, but, 
contrary to Siedlecki’s investigations, no lymph vessels were 
found wdthin the ligamentous strands of the central part of 
pad. 

The intercalary of Polypedates is large and wedge-shaped. 
It occurs only in adult animals as fully ossified bone with a 
marrow cavity and cartilaginous articulating surface. It 
<]iffers in this respect from Ilyla, wliere the intercalary is 
c()m})osed of fibrous cartilage. In younger animals the inter¬ 
calary is still composed of hyalin cartilage as in some species 
of Hyla, 

The terminal phalanges of Polypeilates are T-shaped, in 
Ilyla claw-shap(‘d. Other ditTerenees ax)pear in the outer form 
of the pad. In Polypedates a groove marks off a small disk on 
the distal ventral part of each terminal dilation. Tliis groove 
is not specialized histologically. Thi‘ peculiar superficial 
layer of fibrous epidermis is found both proximal and distal 
to it. Thus, the disk-like formation on the ventral surface 
of the digital dilatation of Polypedates does not mark off a 
functional pad from an indifferent integument as one might 
be led to conclude from a superficial examination of the 
pads. The lateral and distal jiarts of the groove, however, 
lying practically on the edge of the dilatation, limit more or 
less the distribution of the specialized, fibrous epidermis in 
these directions. Pronounced grooves are not found on the 
dilatations of Hyla. The digital disks of Ilyla and Poly¬ 
pedates differ somewhat in external appearance and in the 
form of the terminal phalanges, but they are essentially alike 
in their histological structure. 

THE imYLCKiENESIS OP THE ADHESIVE APPARATUS 

How did tree frogs of two very different families happen 
to develop a digital adhesive apparatus so similar in histologi¬ 
cal detail! In endeavoring to answer this question we have 
studied the structure of the digits <»f a great many genera 
and species of Amphibia. 
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Jii most terrestrial and fossorial Salientia of all families 
the integument covering the digit tips is slightly thickened, 
hut does not possess a fibrous epidermis. The epidermal cells 
agree essentially with those on the dorsal surface of the hand. 
No elongated and convoluted glands are found emptying on 
the tips of the digits, hut ordinary mucous and rarely granular 
glands, similar to those on other parts of the integument, are 
found in these regions. This is the condition in such taxonomi- 
cally widely separated species as Ascaphus truei, Alytes 
obstetricans, Scaphiopus holbrookii, Atelopus varius, and 
Raua pipieiis. 

In some species of different families the digit tips arc 
slightly dilated to their tips. These frogs are not arboreal and 
they are usually described as not possessing pads. We have 
examined a few of these species. In the common wood frog, 
Kana sylvatica, the digit tip is dilated and frontal sections 
of the digits (fig. 5) reveal that certain mucous glands of the 
ventral surface have developed very long necks, their bodies 
or secretory portions coming to lie in tlie central part of the 
digital dilation. A comj)arison of such glands wdth those in 
the pad of the metamorphosing Ilyla and(*rsonii has vshown a 
great similarity. In both it is a mucous gland which has de¬ 
veloped a long neck and begun to invade the deeper tissues 
of the })ad. In liana sylvatica, however, the superficial epi¬ 
dermal cells, although slightly free one from the other, are 
not elongated to form a typical fibrous layer. The epidermis 
covering the joint swellings, the so-called subarticular tu¬ 
bercles, has the same appearance as the epidermis on the 
ventral surface of the digit tip in Rana sylvatica. 

In the Panama Eupemphix pustulosus the digit tips are 
very slightly swollen, but there is no suggestion of pads 
visible externally. Sagittal sections of the digit tips, how- 

Fig. o Kiina sylvatica Le Conte. Sagittal section of digital disk. X 96* 

Fig. 6 Bauu warschewitschii (Schmidt). Sagittal section of digital disk. 
X 41. 

Fig. 7 Phyllohatos latiiiasus (Cope). Sagittal section of digital disk. X 174. 

Fig. 8 JHirynohatrachus dendrobaft^s (Boulenger). Sagittal section of digital 
disk. X 78. 
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ever, sliow Home of tlj(* mucous glands are elongated as in 
Rana sylvatica. The epidermis is iinspecialized. Obviously, 
the mucous glands in this species have begun to hjq^ertropliy 
ht4\)i-e there was any outward indication of a pad. 

Jn the two ('entral American frogs, Rana i)almipes and R, 
warschewitschii, the digit tips are sliglitly broadened, in the 
last species more than in R. sylvatica. Sagittal sections of 
digit tips of these species (fig. 6) show that the sii])erficial 
layer of epidermis, although low, is distinctly of the Hyla 
type. The mucous glands are more elongate than in Rana 
sylvatica. So far as depth of the superficial epidermal layer 
and glands is concei*ned, these species afford a fair inter¬ 
mediate between the conditions in R. sylvatica and a tyi)ical 
Hyla. Nevertheless, it is clear from the observ^ations of 
Halter in Nicaragua (Noble, ’18) that Imtli of these species 
are terrestrial or, at least, fre(iuent either wo(kI or stream. 
Another terrestrial frog, but one of a different family, having 
an incipient adhesive api)aratus, is the Chinese Microhyla 
piilchra. None of these frogs is known to climb trends, and 
yet in all the fibrous epidermis, the elongated glands, and 
the ligamentous strands have already difi’erentiated as dis¬ 
tinctive structures, 

Jn dealing with foreign Salientia there is always an cle¬ 
ment of uncertainty as to the habits of the species, for fiehl 
observations on them are usually not extensive. A few South 
American frogs have very small but distinct disks. We have 
selected two which are very probably terrestrial.. In Phyl- 
lobates latinasus (fig. 7) and EJosia bufonia a w-ell-developed 
fibrous epidermis and a mass of convoluted glands are })res- 
ent in each digit tip. The glandular mass is not separated 
into sections by sheets of ligamentous tissue, but a fibrous 
capsule surrounds the mass which lies mostly under the termi¬ 
nal i)halanx. A comparison between tliis apparatus and that 
in certain small hylids knowui to be tree frogs, such as 
Ceiitrolenella parabambae, will reveal no marked differences. 
The parallel slu^ets of ligamentous tissue found in Hyla and 
Poly pedal es are reduced in small species of these genera or 
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related forms. However, the essential adhesive* rneehaiiism of 
tree fro^s, the fibrous epidermis, the eonvoliited glands, and a 
ligamentous eapsule for the glands is {)r(‘sent in Phyllohates 
and Eb)sia as well as in Centrolein'lla. 

There are a number of other small fro^s with di^it tijis 
more or less dilated. Some of lh<‘se s})(*eies are known to be 
terrestrial and none is known to be arbe)real. AVe have studied 
the South Am(*ri(*an I)endrobat(*s tinelorius and the At*i*ieau 
Phrynobatraehus dendrol)ales (fig. H) and have found their 
digit ti])s wlnm seetioned to agree (*ssentially witli Phyl]obat(‘S 
latiiiasus. It is eertain that sonn*, if iiot all, of these sf)eeies 
are ])rimai*ily, if not (‘iitirely, t(‘rrestrial forms, and y(‘t tlu^y 
have a full}* developed adhesive apparatus. 11ie eonelusion 
s(‘ems ol)vious that th(‘ tr(‘(*-elimbing ap})aratus d(‘velop(‘d l)e- 
fore tin* frogs began to elimb tr(M*s. 

Th(‘ tyjheal tiaa* frogs Hylidat* and th(‘ ()ld-World tree frogs 
Polyp(‘datidae an' ))oth eharaeleriz('d by llie ]>ossession of 
an intercalated cartilage or bom*—an I'xtra plialanx — In'tween 
tin* two terminal plialanges. Most of tlie g('ni*ra in these 
families are tree' frogs, and it would se(*m that tlu' intercalated 
cartilage was an ('ssential part of thi' adhesive* a])paratus. 
A )iumb('r of ranids, brevici])itids, aiul bufonids, liowe'vei', 
have broad terminal dilatations whi(*h tli(*y are knowji to use 
in climbing trees. Is the presence or absence* of this e*xtra 
])halanx corre*lateeI with markeel differene*es in the* structure* 
of the a]»paratus? We have studie*d in sections liana 
(Staurois) ricke*tti, PlatyJiyla granelis, and a serie*s of spe*cies 
of Eleutherodactylus. In all of tliese the ai)paratus was es¬ 
sentially like that of large species of Ilyla anel of Pe)lype*elates. 
In Platyhyla the paralh'l ligainentejus se[)ta were bre)ael and 
not so com})act as in Eleutherodactylus or Hyla. All the 
species had the same type of epidermis, glands, anel liga¬ 
mentous tissues. Thus, it seems eertain that in hylids which 
sprung from bufonids (as Eleutherodactylus) anel in poly- 
pedatids which arose from ranids (as K. ricketti) the adhesive 
apparatus was already fully eslablishenl before the intercalary 
cartilage was added to it as a final specialization. 
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Tliat lliis is Ihe correct inlerprclatioii seems certain from 
the conditions in a little Central American frog which one of 
ns described some time ago as Hyla chica. In this form the 
tenninal phalanges of the tingers are either slightly T-shaped, 
knobbed, or typically claw-shaped, but those of the toes are 
claw-shaped. Nevertheless, the terminal phalanges of all the 
digits slide back under the ends of the penultimate phalanges 
as in Hyla. Intercalary cartilages, however, are not present 
(fig. 9) and therefore, acconling to the most recent definition 
of tl>e family, the species could not be a Hyla or a hylid. 
An examination of the collections of Salientia in the British 
Museum has revealed that Boulenger had previously de¬ 
scribed the same form under the name of Hylodes (= Eleu- 
therodactylus) gularis. No other species of Eleutherodactylus 
has claw-shaped phalanges and in none do the terminal 
l)halanges slide undcT' the penultimate phalanges Hyla fash¬ 
ion. The species in question appears, so far as its diagnostic 
features are concerned, to be an exact intermediate between 
Hyla and Eleutherodactylus. When, however, we study its 
entire anatomy, other characters apj)ear, such as the large 
prefrontals in broad contact, the vomerine teeth (when pres¬ 
ent) far behind the choanae, the iai‘ge unpigmented eggs 
(2 mm. in diameter in females, 15 to 17 mm. head and body 
length) which make it appear certain that the species is an 
Eleutherodactylus which has advanced toward the Hyla con- 
flition both in the loss of the arms to its T-shaped phalanges 
of the toes and in the overlapping joint between the last two 
phalanges of all the digits. All that would be necessary to 
make a Hyla out of gularis would be to further reduce the 
cross-pieces of terminal phalanges on the fingers and to 

Fig. 9 Eleutherodactylus gularis (Boulenger). Sagittal section of digit-al 
disk. X 1 ^^3. 

Fig. 10 Acris gryllus (Le (\)nte). Sagittal section of digital disk. X 178. 

Fig. 11 Eleutherodactylus schmidti Noble. Sagittal section of digital disk. 
X 72. 

Fig. 12 Nwtophryne afni Buchhok and Peters. Sagittal section of digital 
dink. X 82. 
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add cartilaginous menisci between the last two plialanges at 
tlie ])oint where tliey nib past each other. It is by no means 
certain that giilaris is the actual ancestor of the genus Tlyla, 
))ut its adhesive a])paratus liridges the gap between that of 
the Bufonidae and that of the Hylidne. 

We have examined the digital pads in a number of Hylidae 
and have found all disks of one size to be essentially alike 
in liistological structure. The slight differences in those of 
Hyla dominicensis, H, baudinii, H. andersonii and (Vu'athyla 
johnsoni would seimi to be chiefly associated with the differ¬ 
ence in size. In J^hyllomedusa liypocliondrialis the inter¬ 
calary cartilage is thin and the fibrous epithelium is less de¬ 
veloped than in the other species of Hylidae examined. Tliei'e 
are a number of Hylidae which have given up arboreal life 
entirely. The digital dilatations in these forms are small. 
Perhaps the best examine is the crickid frog, Acris gryllus 
(fig. 10), but tlie swamp tree frogs llyla (l\seudacris) 
triseriata and ocularis hide in wet meadows and probably 
never climb trees. We have cut sagittal sections of the digits 
of these species and have found in all the fibrous epidermis, 
the tubular glands and the ligamentous tissue of Hyla. The 
glands for tlie most part are not divided by ligamentous 
bands, but, as stated above, this lack is correlated wiWi their 
small size. The ligamentous bands have about the same dis¬ 
tribution as in the arboreal Peiitrolenella. It is therefore 
clear that these species which merely hop about among water 
lilies, wet rocks, and submerged grass stems have the same 
tree-climbing apparatus of their most arboreal I'elatives. 
What prevents them from leaving their lowly home and seek¬ 
ing a sheltm- among the tree tops? The question was nearly 
the same in the terrestrial Kassina senegalensis, wdiich is 
said to lack digital disks entirely, but actually has a great 
mass of glands, even though the fibrous epidermis is not as 
enlarged as in the related but arboreal Leptopelis rufus. 

We have studicni this question most closely in the species 
of Eleulherodactylus from Santo Domingo, for one of ns has 
made a detailed study of their habits in the field. Bleuthero- 
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(lactylus ijioptatiKs is a lar^i^e spoeiovS wlii(*li tisualh^ liides itself 
(luring the day liigh up iji forest trees. E. s(*hmidti (fig. 11) 
and E. \v('inlandi are smaller speeies whi(*h inhabit tlie forest 
fioor, hut are abundant only n(*ar streams. Sections of tJie 
})ads of these three sp(H*ies reveal no important diffiUTmees, 
and yet the first is arboreal ami the tw(» latter terrestrial 
sjH‘eies. An external examination of the disks of all the 
speei(‘S of the genus in Santo Domingo shows that only those 
speeies climb which have larg(» disks in })ro])ortion to their 
body size. Thus, arbor(‘alism seems rnerc^ly a matter of disk 
size versus body weight. Anv species which by a chance 
mutation dev(*l(^ps largtu* disks than its f(»ll(»w frogs is im- 
m(‘diately e<piip]U‘d to climb, for the tiw-clirnbing a})])aratus 
is already prc'scmt in the terr(‘strial forms. 

(V>nv(*rs(‘ly, any arboreal species winch by chance develops 
smalhn* disks would necessarily b(‘ fo]*c(‘d to gain a livelihood 
on th(‘ ground. But such a frog would not lose its tre(*-climb- 
ing mechanism. All s])i*cies of the genus retain the apparatus 
whether they are purc^ly arboreal, terrestrial, or semifossorial. 
Only one species in Santo Domingo, K. rnthae, can be d(^~ 
scribed as s(*mifossorial, and in this form tlu‘ fibrous epider¬ 
mis is not well developed. It is therefore })ossible that a 
fossorial life may t(‘nd to destroy th(‘ distinctive (‘[)id(‘rmis 
of the adhesive pad. Further, forms which live on damp 
leaves or rocks might b(* expected to use tlieir adhesive pads 
in assuring a grip l)efore leaping, while des(*ri species or 
digging forms would have little use for their adliesiv(‘ a])- 
paratus. 

Nev(‘rtheless, the African brevicipitid, Jdirynommuis ))i- 
faseiatus, which se(*ms to be a ty])ical bun-owing toad, pos¬ 
sesses convoluted glands, an intercalary cartilage, and a low 
fibrous epithelium. The tree-climbing apparatus can ther(‘- 
fore occur even in fossorial Salientia. 

Arborealism in the Salientia is not, however, merely a 
matter of size—weight relationship between disk and body. 
There must be pliysiological differences wliich control a 
species activities. The Santo Domingan s})ecies of Elen- 
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tlierodaetyhis are well segregated in ditferent habitats. The 
little K. abhotti can climb very well, but seldom ascends more 
than a few feet from the ground. On the other hand, E. 
auriculatoides was never found near the ground, although 
it is also a small, fairly smooth-skinned frog. E. flavescens 
occupied a habitat on the tops of biishes at an intermediate 
height between the two extremes. We are entirely ignorant 
of the causes of this habitat preference, but it is probably 
associated with ditferent humidity levels rather than w'ith any 
difference in the tree-climbing apparatus. 

The lack of correlation between the histological structure 
of the pad and the habitat of the species is further exemplified 
by an extension of the pad which covers the subarticular 
swellings. These enlargements may be covered with the same 
distinctive epidermis found on the terminal dilatations, and 
in a few cases may be provided with convoluted glands. In 
Eleutherodactylus inoptatus, B. schmidti, and E. weinlandi 
the distal subarticular tubercles are covered with this special¬ 
ized epidermis. The terrestrial Aeris gryllis has both modi¬ 
fied epidermis and glands on the subarticular tubercles, while 
in most arboreal Hylas the epidermis is not greatly modified 
over the joint swellings. On the other hand, subarticular 
pads with modified epidermis are found in Polypedates 
leucomystax, Phyllobates latinasus, and Elosia bufonia. It is 
clear that the extension of the pad epidermis is not correlated 
with an arboreal habit. 

A few Salientia have developed enormous subarticular 
swellings or pads. We naturally expected that these would 
show a great hypertrophy of the epidermis and glands. Such 
was not the case. In the bufonid, Nectophrjme afra {figs. 12 
and 16) and the brevicipitid Phrynella pulchra (fig. 15) 
the subarticular pads, although of great extent, are entirely 
devoid of fibrous epidermis. Further, only very few or no 
mucous glands are elongated in these pads. Thus, the 
mechanism of adhesion must be totally different in these 
forms than in most tree frogs. 
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Tile mechanism in these forms is apparently the same as 
in arboreal salamanders. We have studied sections of the 
broadly webbed toes of Hydromantes italicus and have found 
the epidermis smooth and non-fibrous as in Nectophryne. 
Further, no enlarged glands are present. Of the various local 
salamanders which we have kept in terraria, Plethodon 
glutinosus can climb most easily up the glass walls. On 
various occasions we have found individuals of this species 
adhering to the top of the aquarium just under the glass 
cover. Sections of the digits of Plethodon glutinosus reveal 



Fig. IT) PhrynelJa pukhra Bouleiigor. Right inamis. Ventral view. 

Fig. 10 Nectophryne a fra Buchh. and J’eters. Right maiiua. Ventral view. 


no spetnalized epidermis or enlarged glands. Plethodon 
glutinosus is not arboreal in nature, although it is obviously 
able to climb trees. 

The inverse ratio between climbing ability and body weight 
is well seen in the species of Desmognathus. We have kept 
four species of different sizes in similar glass-covered tanks 
for some weeks. The large D. quadra-maculatus during this 
period (although able to do so, as was later proved) was never 
found to climb the sides of the tanks. The slightly smaller 
D. phoca was frequently found on the stone ends to the 
tanks, but not on the glass faces. The still smaller D. fuscns 
was frequently seen on both glass and stone walls. The 
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smallest form, 1). f. earoliiicDsis, was often found ereejun^^ 
upside down across the moist eov^er to the tank. In 

none of these species is any special mechanism developed 
for elimhing. The smaller llie species, the better fitted it is 
to adhere by cohesion and adhesion to moist surfaces. 

On the other hand, at least one terrestrial salamander has 
developed elongated mucous glands on the tips of its digits. 
As pointed out long ago by Leydig (70, ])1. XI, fig. ISb), 
Salamandra atra has a series of elongated mucous glands at 
tin* digit ti})s, but these glands are not convoluted as in the 
tr(H‘ frogs and they lack a pronouncect lumen. Just how they 
function is unknown. liCydig (op. cit.) errs, liowever, in 
describing the dense connective tissue between the last two 
phalanges as an intercalary cartilage. No definitive cartilage 
(*(‘lls are present in this connective tissue and the latter is 
firmly bound to the phalanges. Similar syndesrnotic joints 
are found in Alytos and Ascaphus. 

In the salamanders, therefore, certain slim-bodied species 
are abl(» to climb smooth vertical walls and a fe\v species 
with webs between their toes are normally arboreal. No 
modification of ej)idermis or mucous glands assist these 
s})eci(?s in their (dTorts, altlifuigh elongated mucous glands 
occur at the digit tips of one jmrely terrestrial species. 

TIIK FUNCTION OF THE ADHESTVK ACJ^AHATUS 

It is clear from the ])rec(Kling sketch that tlie adliesive ap¬ 
paratus of the digit tips of Ampliibia ai'ose before the ani¬ 
mals became arboreal and, further, lias been retained in many, 
if not in all, species wdiich have reverted to the terrestrial 
habit. Thus, the functional significance of the apparatus as 
a whole would seem to be to insure a firmer grip on the sub¬ 
stratum whether the latter be in a vertical or a horizontal 
plane. 

The different parts of the apparatus play varying roles in 
the process of adhering. It would seem'obvious that the 
superficial layer of fibrous epidermis would function in in¬ 
creasing the friction and that the mucus from the convoluted 
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glands would fuuction either to increase the adhesion or the 
eoliesion of the pad against the substratum. The function of 
the intercalary cartilage, when present, is not so clear, and 
our interpretation of the relative importance of the different 
parts of the mechanism is at variance with that of previous 
writers. Schuberg (’95) attaches considerable importance to 
the intercalary cartilage and the smooth muscles in the move¬ 
ments of the terminal phalanx and the flow of mucus. The 
smooth muscles in the distal end of the pad may be instru¬ 
mental to some extent in causing the glandular secretion to 
exude, but Schuberg overlooked the much more important 
part which the parallel strands of ligamentous tissue between 
the glands must necessarily play. The weight of the frog 
}>ulling the end phalanges away from the adhering pads 
would cause the fibers to stretch and approximate each other. 
These strands would squeeze the glands in the same way that 
a cluster of parallel ropes, if brought together at one end 
and pulled, would squeeze any object inserted bet'ween them. 
In Hyla, Polypedates, and all tree frogs with large pads the 
glands are emptied primarily by the pressure of the liga¬ 
ments, not by the smooth muscles, which are much fewer than 
either Schuberg or Siedlecki surmised. As stated above, the 
parallel strands of tissue between the glands, which both 
Schuberg and Siedlecki considered smooth muscle, we have 
shown to be ligamentous tissue. In species with small pads, 
whether arboreal or terrestrial, the glands are not separated 
by strands of ligamentous tissue. However, the glands are 
usually surrounded by a capsule of dense connective tissue 
which adheres to the terminal phalanx. A pull on the phalanx 
would, even in these cases, be transmitted to the gland. In 
short, it seems that the r61e of smooth muscle in emptying 
the glands is very little, if any. On the other hand, a very 
simple mechanism is present in all species with pads to trans¬ 
mit the pull exerted on the terminal phalanges into a oom- 
X)ression action on the glands. The smooth muscles present 
may play a part in controlling the form of the pad or even 
in exerting a slight pressure on some of the glands. The 
main pressure, however, is exerted through the pad ligaments. 
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The intercalary bone, wlien present, seems to increase the 
efficiency of the apparatus. As sliown in the accompanying 
diagram (tigs. 1/ and 18), the intercalary permits a greater 
amount of adhesive surface supported by bone. Ilylas slip- 



yig. 17 Schematic sagittal section of digitiil disk of Kleutlierodactylus. 
Fig. 18 Bcbematic sagittal section of digital disk of Ilyla. 


ping off the side of a smooth rock will be seen to raise and 
lower the tips of their terminal phalanges. In this act that 
part of the adhesive apparatus at the base of the terminal 
phalanx remains closely pressed to the rock, while the distal 
part makes a series of attempts to secure a better hold. In 
forms without the intercalary no part of the pads would re- 
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main lightly in contact with the surface if the tips of the 
terminal phalanges were raised. This may be better recog¬ 
nized by comparing the diagrams. That the intercalary carti¬ 
lage is not essential to arboreal life is attested to by the 
great numbers of arboreal frogs which have evolved aii 
adhesive apparatus identical to that of Hyla, but lacking the 
intercalary. A comparison of the climbing abilities of the 
species of Eleutherodactylus with the Hylas in any given 
region will yield little in favor of the latter. Further, there 
are many groups of frogs having the intercalary wduch are 
imrely terrestrial in habit. Most of these have reverted to 
terrestrial life. At least one, however, Phrynomerus, may 
never have been arboreal. The intercalary has usually arisen 
in connection with arborealism, but possibly not always. 

The function of the fibrous epidermis would seem to be 
to increase the friction. Schuberg (^95), however, believes 
that the interspaces between the superficial cells may x>ormit 
the mucus to flow more freely. This may be true, but it 
seems hardly likely wlien similar epidermis is found in some 
species over the articular tubercles which usually lack glands. 
The fibrous epidermis may be compared directly with the 
^sucker^ on the gecko’s foot. The comparison is fairly exact 
in the case of Sphaerodactylus, where there is found a single 
undivided patch of bristles on the dilatation at the end of 
each digit. These minute friction pads, although devoid of 
glands, suj)port the weight of the little lizard so well that it 
can run ux^side down across the ceiling. There have been .vari¬ 
ous theories advanced as to the method of functioning of the 
digital dilations of geckos (Hora, ^24), but it seems that in 
Sphaerodactylus the pads function by friction alone, for in 
this case there is merely a single i)ad of minute bristles at 
the end of each digit. No Amphibia climb by the aid of fric¬ 
tion pads alone, but in no species is the bristle tissue as 
highly developed as in these geckonid lizards. 

Siedlecki (10), in discussing the function of the pads, 
points out that specimens of Polypedates, which have been 
so badly injured that both glands and the distinctive epi- 
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dermal layers are destroyed, can, nevertheless, adliere. lie 
concludes (p. d06, translation): “Tt is therefore very ap> 
parent that the function of the apparatus cannot rest upon the 
stickiness of the glandular secretion.” This discouraging 
cojiclusion is certainly not well founded. Most tree frogs 
use their abdomens and appendages to supi)lement the action 
of the pads. But if certain individuals are able to adhere by 
the accessory apparatus alone, it does not follow that the 
primary af)paratus does not normally function. We experi¬ 
mented on Hyla septcmtrionalis, a moderate-sized tree frog 
with well-develo[)ed pads, by removing the pads on all the 
fingers and toes while the animal was under ether. The next 
day tlio injured frog and a normal one of the same species 
were j)laced in a tali glass jar. When held at an angle of 
!H) the injured Ifyla slipped down along the sid(‘ of the jar 
as th(‘ i)ads of the fingers and toes did not take hold. The 
accessory ap])arat\is of the abdomen and appendages was 
suffici(*nt, however, to prevent the aiiimal from falling off. 
The normal frog retained a firm hold on the sides of the 
glass with its to(‘s and fingers and did not slip at all. At 
an angle of ai)i)roxiraately lOO", the injured frog was unable 
to stick and fell off immediately, while the normal one sli])y)ed 
slowly down tin* side of the jar, but did not lose its hold. 
When the jar was turned upside down, both animals fell off, 
but the normal frog was able to remain a few seconds longer 
than the one without f)ads. Further evidence of the adhesive¬ 
ness of the terminal pads is given by turning one’s hand up¬ 
side down after a tree frog has secured a firm hold to the 
upper surface. Tt is apparent that the sticky secretion of 
the ventral surface of the body and the appendages is not 
sufficient to support a tree frog of moderate weight. 

THE DIGITAL DISKS AS ADAPTIVE STKOTTIUES 

It has been universally conceded that the digital disks of 
the tree frogs are highly adaptive structures. Prom the data 
presented above, it seems clear that these structures arose 
not through a progressive change directed toward the elabora- 
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tion of a climbing mechanism, but merely by an accidental 
association of the species with arboreal life after a modifica¬ 
tion of the digits had developed, Such a method of adapta¬ 
tion is in keeping with the known facts of genetic research, 
but is at variance with the views vigorously defended by many 
biologists who do not believe in the all-sufficiency of these 
variations. Ouyer (’25) has recently expressed himself: “It 
seems more within the bounds of credence to suppose that 
biologists have failed as yet to discover some more direct 
principle of adaptation whereby living organisms are fitted 
to their environment.’’ Probably most field naturalists hold 
the same opinion. 

A detailed analysis of the many ‘marvelous adaptations’ in 
the Amphibia will reveal, we believe, that in most cases the 
modification arose before the function. A bird’s-eye view 
of the order Salientia as a whole will give the impression that 
the genera have arisen merely by a shuffling about of char¬ 
acters. The form of the pupil, the loss of teeth, the develop¬ 
ment of tooth-like structures in the lower jaw have apparently 
no correlation with specific habitats (Noble, ’22). Parallel 
changes in unrelated groups have occurred many times. Men¬ 
tion may be made of the hooked terminal phalanges of Rana 
christyi and Gampsosteonyx or the loss of the clavicle in un¬ 
related brevicipitid stocks. It is difficult to assign any func¬ 
tion to these and many other skeletal changes in the group. 

One skeletal change, which has frequently been cited as 
adaptive, is the loss of teeth in the Amphibia. Among 
urodeles various plethodontids may lack either the vomerine 
or maxillary teeth in the male. The functional significance of 
this loss is unknown. Among the Salientia the genera of 
different families have independently lost their teeth entirely. 
Frequently, the modified genus and its immediate ancestor 
live side by side. Familiar examples are found in Phyl- 
lobates and Dendrobates, Paludicola and Eupemphix, Orinia 
and Pseudophryne, Arthroleptis and Cardioglossa, etc. The 
stomach contents of one of these pairs of genera have been 
examined, and no difference in the food habits has been ob- 
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served (Noble, ^24)* With very few exceptions, Salientia 
seize any moving object within their reach. Frogs and toads 
are c^apable of distinguishing by experience the obnoxious 
objects from the edible ones (Schaeffer, 'll). Further, cer¬ 
tain burrowing forms gorge themselves on the termites, but 
whether through choice or merely because these are the 
dominant insects in their habitat is unknown. In general, 
very few, if any, Salientia seek out specific foods upon which 
they feed. The bulk of the evidence seems to point definitely 
to the conclusion that the teeth hav^e been lost without any 
reference to food habits of the animal. In some cases we 
may say that the absence of teeth is correlated with a termite 
diet, but in many more cases there is no such correlation. 

Adaptations of this inexact type are frequent among the 
Salientia, and in all cases it appears that the modification 
developed before it was found to be of any use. Our de¬ 
scription of digital disks of Hyla were based upon domini- 
censis, and in selecting an example of an inexact adaptation 
reference may be further made to this species. Dunn (’26) 
has recently shown that the closely related form H. lichenata 
lives in tree cavities. The secondary deposit of bone which 
covers the skull of this species as a grotesque casque would 
seem to function in plugging the hole in which the creature 
passes the day. But large specimens of dominicensis, espe¬ 
cially the females, develop a similar although less sculptured 
bony cover to the skull. A large series of this species has 
been collected, but the habit of using the head as a plug has 
never been observed in dominicensis. Many species of Hyla 
withdraw in holes in trees, as, for example, the common 
versicolor, and yet the casque formation is of rare occurrence 
in the genus. Naturalists have always been eager to seize 
upon any peculiar modification and assume that it must have 
some particular function. A closer study usually reveals 
that these structures are much less adapted for particular 
ends than originally assumed. 

The Salientia have possessed their present body form and 
principal skeletal features for about seventy million years, 


JOITEKAL OW MQBfttOliOOT AKD VOIi. 46, HO. 1 



290 


a. K. NOBLE AND M. E. JAEOKLE 


that is, since the Jurassic. During this tremendous time 
they seem to have made little advance in the development of 
radically ditferent types. Nevertheless, some groups, such as 
Eleutherodactylus and Hyperolius, are evolving rapidly, as 
shown by the enormous number of species in limited areas. 
It has frequently been stated that most specific characters 
do not have a survival value, and this would seem to hold 
true for the Salientia. Take, for example, the kaleidoscopic 
color differences in the species of Hyperolius or the different 
web lengths in Hyla. The hereditary mechanism of these 
forms would seem to be turning out numerous variations, 
some of which are obviously useful, but most of which seem 
to have no survival value to the species. 

As regards the tree-climbing apparatus of the Amphibia, 
it seems clear from the above data that this developed with¬ 
out any relation to the tree-climbing habit. Slim-bodied 
salamanders climb without any mechanism other than their 
normally adhesive integument. The specialized pad struc¬ 
tures of the tree frogs (epidermis, glands, and ligamentous 
tissue) are well developed in species which are terrestrial and 
have no arboreal ancestors. The Salientia with the most 
extensive pads are believed to be arboreal, but here the habit 
data is incomplete. The pad apparatus is retained fully de¬ 
veloped in terrestrial forms which have arisen from arboreal 
ancestors. Variations in pad extent would seem to be the 
primary factor in determining whether a species will be 
arboreal or terrestrial, but there are many secondary .factors, 
as stated above, which may limit the actual migrations of a 
form. 

CONCLUSIONS 

1. The digital disk apparatus of the Amphibia consists of 
a superficial layer of fibrous and partly separated cells among 
which there empty a series of convoluted mucous glands. 
The latter are either surrounded by a capsule or are divided 
up into a series of blocks by a series of eo&^lact strands of 
collagenous fibers. In the larger disks the strands are parallel 
and -ran the long axis of the disk. - 
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2. In functioning, the superficial ex)idermal layer grips the 
substratum by friction. The body weight of the frog exerts a 
pull on the distal phalanges w^hich is transmitted to the col¬ 
lagenous fibers of the disk. The glands are emptied auto¬ 
matically by the squeezing of the ligamentous strands, and 
not by the action of smooth muscle, as previous writers have 
described. The secretion of the glands when applied to the 
surface of the disk functions both through adhesion and 
cohesion. 

3. The intercalary cartilage or bone increases the efficiency 
of the jiad mechanism, but all the other components of the 
pad mechanism were established long before the intercalary 
was formed in phylogeny. 

4. Arboreal urodeles lack all trace of the digital disk ap¬ 
paratus, although one terrestrial species has tubular glands 
on the digit tips. They are able to climb by pressing a large 
area of normal integument against the substratum. 

5. A few arboreal frogs (Nectophryne afra, Phrynella 
pulchra, etc.) have developed large subarticular pads on the 
digits, but small terminal disks. These subarticular pads lack 
the fibrous epidermis and have very few or no glands. This 
is remarkable, for in other tree frogs with terminal disks the 
subarticular tubercles may have a tyi)ical i)ad structure. 

6. The digital disk apparatus was fully established before 
certain groups of frogs became arboreal. It is also retained 
in others which have returned to the ground. 

7. Ability to climb is primarily dependent on a relationship 
between disk area and body weight. 

8. As the digital disks vary greatly in both arboreal and 
terrestrial species without any obvious correlation with 
specific environments, it would seem that arborealism in the 
Amphibia was merely a chance relationship between large 
disks (or adhesive areas) and a relatively light body weight. 

9. Many other so-called highly adaptive structures in the 
Amphibia are as fortuitous in their occurrence as the large 
digital disks. Adaptation in these cases is a chance relation¬ 
ship, not a progressive modification toward particular habitat 
requirements. 
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Al'THOK'ft ABSTRAPT 

Hlm<lfold<‘d perwniK walk, run, awim, row. and drive nutomohiles in clock spring spiral 
paths of groatar or less regularity when attempting a straightaway. The spirals turn either 
right or left in one and the sam«‘ individual, and may do so even in one experiment. But 
either right or left turns predoniiriate in the great majority of individuals, often to a high 
degree The patha show marked individuality, and there is some ground for thinking there 
exists a correlation between temperamental differences and general character of path. 

I’he mechanism which produces the spiral path is not located in the locomotor organs, 
but in the central nervous system and is probably identical essentially with the spiral moch 
anism in other motile organisms, all of which tnoie in spiral paths w'hen there arc no 
guiding senses to direct the path. The clock-spring spiral in man is interpreted as the 
expression in two dliiKMisions of space of a helical spiral mechanism w’hich seems to exist in 
all motile organisms moviujg in three dimensions of space and in amebas which move in 
two dimensions In a large number of lower organisms the number of body lengths jier 
spiral turn is almost constant, being about 4 5 Tlie smallest regular swumming spirals in 
man arc very close to this value, but the smallest regular walking spirals are somew'hiit 
larger. The fundamental spiral mechanism seems to be of molecular dimensions, and there 
seems to exist a demonstrable locomotor bilateral asymmetry in very nearly, if not quite, all 
organisms. 
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INTBODirCTION 

Wlien a person loses his way in the forest or in snowstorms- 
or fogs he goes around in circles as long as he keeps on mov¬ 
ing, until in some way or other he finds his way again. The 
same is true of foxes, rabbits, antelopes,* and doubtless other 
animals, when hard pressed in the chase. Going down lower 
in the scale of organisms, where there are only poorly de¬ 
veloped guiding senses, as in some of the Crustacea, or none 
at all as in the protozoa and the flatworms, one finds these 
creatures going in circles all the time that they are in move¬ 
ment, but with a ‘drift,’ making the path a loose helical spiral. 
In all these animals and, in fact, in all motile organisms what¬ 
soever, there is a deep-seated spiraling mechanism which 
leads an animal to go in a series of circles of spiral form 
when there are no guiding senses, as in the lower organisms, 
or when the guiding senses do not function through fear or 
for other reasons, in the higher. 

Although a number of observers have studied special 
phases of spiral movement in the lower forms of life, espe¬ 
cially in the ciliates and the flagellates, no extensive study 
has heretofore been made of this phenomenon in the higher 
animals. In fact, nothing was known of the presence of a 
spiraling mechanism in these forms, excepting folklore, re¬ 
garding the going around in circles of lost persons or hunted 
animals, with the erroneous explanation based on asymmetry 
of the legs or of the body. And the experiments recorded in 

‘ See Harper^8 Magazine (*20, vol. 141, p. 430), where it is stated that antelopea 
run in circles when pursued with an automobile, up to their highest speed, which 
is about 97 kilometers per hour. 
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the followinj? pages and in my book on Ameboid Movement 
were not undertaken to test experimentally the bit of folklore 
regarding paths made by lost persons. 

These experiments on man were suggested, on the other 
hand, by the sinusoidal path amebas make on a plane surface, 
which I noticed in 1917 when tracing a Mayorella bigemma 
for a few hours, merely to satisfy a curiosity as to what kind 
of path an ameba made in clear water on clean glass. The 
evident sinusoid resulting under these conditions suggested 
a projection of a helical spiral such as ciliates make on a 
plane surface—a path which the amebas followed in lieu of 
a helical spiral, because in their movement they are restricted 
to two dimensions of space. That the amebas should be ‘com¬ 
pelled’ thus to move in a sinusoid naturally aroused interest 
in the underlying causal mechanism and a curiosity to see how 
widespread the phenomenon might be. Some experiments on 
blindfolded persons were therefore tried, with the expectation 
that a considerable portion of the path would be sinusoidal. 
As it happened, however, the paths were clock-spring spirals, 
and only later was a minute portion of some paths discovered 
to be sinusoidal. The paths, however, were so regular, geo¬ 
metrically, that further data were collected as fast as time 
and facilities permitted. Aiter a number of tracks were 
plotted, it became evident that the same mechanism which 
caused the clock-spring spirals in the experiments also caused 
the ‘circles’ when persons lost their way, for in the latter case 
the eyes had become useless as orienting organs for distance. 
And, similarly, wild game, when hard pressed, run in circles, 
because fear overcomes the orienting power of the eyes and 
nose and then the spiraling mechanism leads them in ‘circles.’ 
This investigation is therefore not only a contribution toward 
explaining a deep-seated and widespread biological phenome¬ 
non, but also an explanation for a bit of folklore about the 
paths of persons who lose their way and of game that is hard 
pressed in the chase. 
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The first experimental test of the presence of a spiraling 
mechanism in man was made on Johnson’s race track at 
Knoxville, Tennessee, during the winter of 1917-1918. After 
a light fall of snow, several students and myself went out to 
the race track and each of us, in succession, tried to walk 
blindfolded to an object in the distance. The snow enabled 
us to examine the character of the track and to make notes, 
maps, and measurements. To our great surprise, each one of 
us walked in clock-spring spirals of a high degree of regu¬ 
larity. Were these paths helical spirals projected on a plane 
surface, perpendicular or nearly so to the long axes? 

These results were interpreted as falling in line with the 
general hypothesis that a tendency to spiral locomotion is 
inherent in all moving organisms. An examination of bio¬ 
logical literature shows,* as is well known, that the lower 
animals: flagellates, ciliates, rotifers, and the marine larvae 
of echinoderms, molluscs, worms, and crustacea swim in 
spiral paths, as well as some of the zoospores of algae and a 
few spermatozoa. So many organisms, in fact, swim in 
spiral paths that the negative aspect of the question is the 
more practical form for purposes of investigation: Are there 
any motile organisms which do not move in spiral paths when 
guiding senses are absent or not functioning? 

With this question in mind, I examined a large variety 
of organisms, especially such as move in unusual ways, such 
as the free-living aquatic nematodes, the tadpole larvae of 
ascidians, salpas, young king crabs, several species of cope- 
pods, young marine annelid worms, together with some adults 
of fresh and salt water, small jellyfish, and a number of dif¬ 
ferent kinds of spermatozoa. All of these were found to swim 
in spirals. But it needs to be added that some nematodes 
swim so poorly that frequently no forward movement occurs; 
but in these cases, although the bodily movements of the 
worms, including rotation on the long axis, are like those of 
the vinegar eel (Anguillula), for example, which is a very 

“See Schapffer (’20) and Bulliagton (’26) for a nnmber of original obaerva- 
tions and also for citations to earlier work. 
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good swimmer, no actual path is made\ In sum, tlien, no 
forward-moving organism has yet been found that does not 
move in some form of spiral path when there are no orienting 
senses to guide it. 

This extraordinary unanimity of observations on the preva¬ 
lence of spiral movement among motile organisms can hardly 
be interpreted in any otlier way than that it is a universal 
property of moving living matter. In any case, it seems that 
less can be gained by continuing further to collect data to 
merely swell the number of organisms known to swim in 
spiral paths, than to study this x^henomcuion more intensively 
in certain groups of organisms that seem likely io yield more 
information on the working of the mechanism that causes or 
controls spiral movement. In fact, partly because of this be¬ 
lief, a considerable profKirtion of the time allotted to this 
work was devoted, from the very beginning of the discovery 
of the sinusoidal path in the ameba, to further study of un¬ 
guided locomotion in man. 

One of the first questions to arise in connection with spiral 
movement in man was whether the x)osition of the axes of the 
organism had anything to do with the shax)e of the path. 
Would a person swim as well as walk a spiral path when 
blindfolded? And the further question was, Is any visible 
morphological character in man correlated with the shape of 
the path; that is, do right-handed persons walk in a certain 
direction, for example, and left-handed persons in the oppo¬ 
site direction, on account of better developed legs on one side 
or the other, as the case may be? And is it necessary for a 
personas motor mechanism to operate at all to go in spirals: 
that is, w^ould a person drive an automobile in a spiral path 
when blindfolded? And again, where is the ‘center’ control¬ 
ling the spiral mechanism located? These are some of the 
questions which the experiments described in the following 
pages were designed to ans>ver. 

Experiments such as those recorded in this paper obviously 
require close and sympathetic cooperation of a number of 
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people and the expenditure of a large amount of time. And 
it needs to be mentioned, too, that the expenses were not in¬ 
considerable, since suitable fields were always some distance 
off, requiring special transportation thereto, and the record 
ing apparatus, a large camera, required expensive lenses. 
Fortunately, I was able to secure grants from the Bache 
Fund of the National Academy of Sciences, from the Ameri¬ 
can Association for the Advancement of Science, and the 
Elizabeth Thompson Science Fund to defray most of the ex¬ 
penses incurred during the past six years. Without this aid, 
the investigation would have been greatly handicapped, and 
I consequently wish to express here my deep appreciation to 
the associations from which these grants were received, as 
well as to those persons who served as experimental subjects. 

I am also deeply indebted to Mr. Alfred Ela for access to 
his large collection of citations on orientation and to Mr. Fred 
Allen, Jr., with whom I discussed various theoretical aspects 
of spiral movement, and to Dr. J. B. Eager for permission to 
work at the Topeka State Hospital. And finally I wish to 
thank those other friends of mine in physics and chemistry 
who have borne with me in the discussions of spiral move¬ 
ments in atoms, carbon chains, etc., for was it not one of the 
older mathematicians who warned ns that “most of those who 
concerned themselves with spirals in the past finally turned 
insane!” But perhaps such a fate may be averted and my 
friends spared by keeping in constant contact with the spirals 
of Mother Nature, instead of the more ethereal types of the 
mathematicians, and thus, like Antaeus, derive renewed 
strength with each contact for further adventures in this field. 

Be that as it may, I shall, nevertheless, take the risk to 
state at this point that I expect shortly to publish a paper 
on an experimental study of spiral movement in several 
species of amebas as a further contribution to an understand¬ 
ing of the underlying spiraling meefaanism of motile 
organisms. 

In the interest of accuracy and uniformity of meaning when 
conveying the concept of spiral movement frwn one language 
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to another, and perhaps even in English, it might be well to 
use a technical term synonymous with ‘spiral movement,’ such 
as ‘Spirokinesis,’ which needs no translating. Under this 
term would be comprised the movement of organisms, sper¬ 
matozoa, etc., in helical and clock-spring spiral paths while 
moving coordinately, when orienting senses are absent or not 
functioning. 

Historical 

The belief that when persons who lose their way in the 
forest or in snowstorms or on the prairie they go “round and 
round in circles,’’ is deeply ingrained in the folklore of many 
races and nationalities, especially those residing in northern 
latitudes where fogs and snowstorms abound. Among the 
Russians, Norwegians, Swedes, British Americans, American 
Indians, Chinese, Hindus, Filipinos, and negroes the belief is 
prevalent and occurs occasionally in the literature.® The 
same is true, doubtless, of many other races. I have been 
unable, upon inquiry and search, to find allusions to this belief 
in the ancient literature, but there is no reason to suppose 
that this phenomenon was not observed long ago in the his¬ 
tory and prehistory of the race. In fact, it was only necessary 
that a person have the opportunity to lose himself and that 
he know what a circle or a clock-spring spiral is, to discover 
this phenomenon. It is likely, therefore, that this belief was 
known among the Aurignacians 20,000 years ago, for these 
people left behind them a reindeer antler with well-drawn 
conventionalized clock-spring spirals carved on it. This frag¬ 
ment of antler is the earliest record of a clock-spring spiral 
carved by man, and it therefore becomes probably the first 
entry in the bibliography of spiral movement in man. 

The explanation of movement in circles by persons who 
have lost their way is stereotyped and almost as widespread 
as the belief that the circles occur. The explanation is in¬ 
variably based upon an asymmetry of the body such as longer 

•Tolstoy, '‘Master and Man,'^ “The Snowstorm'^; Eugene O’Neill, “Em* 
poror .Tones’*; Mark Twain, “Innoeenta Abroad”; popular song, “I’m going 
around in eircles.” 
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or stronger right or left legs, as the case may be, depending 
upon whether the persons circle to the left or to the right. 
This explanation has been reported by several writers on 
biological subjects (Thompson, '17, p. 492; Guldberg, ’96, 
p. 811), and one of them (Guldberg) attempted to prove the 
point by measurements of bilateral asymmetry of the legs. 
But in spite of the evident interest that people have in this 
phenomenon, no actual path of a person moving in circles 
when lost or when blindfolded seems ever to have been re¬ 
corded. The explanation for the phenomenon, though false, 
was so completely satisfying because of its simian simplicity 
that it must have seemed like wicked scepticism to investigate 
it by experimental methods. This is an excellent example of 
the persistent devastating effect of substituting logic for 
experiment. 

As has just been pointed out, the idea that there is some 
asymmetry in the legs or musculature of the body generally 
has been closely associated in the past with the belief that per¬ 
sons who lose their way go round in circles. Partly on this 
account, but also for other reasons, all kinds of the more strik¬ 
ing structural asymmetries in man have excited interest and 
study. And even horses and birtls and many other of the 
higher animals have been studied more or less from this 
point of view. The predominance of right-handedness over 
left-handedness in man has also been one of the standing puz¬ 
zles throughout history. Likewise, the direction of the spiral 
twisting of the horns of sheep, goats, antelopes (compare 
p. 383), cattle, etc,, and of the shells of snails and other mol¬ 
luscs, of bean and other vines, fern spermatozoids, and great 
numbers of other animal and vegetable spiral structures have 
excited the curiosity and study of numerous naturalists. In 
fact, the prevalence of spiral structures in organisms is so 
extraordinarily widespread that in the discussion of these 
phenomena the simple assumption of bilateral asymmetry 
(unequal growth) has been held to place most of these struc¬ 
tures, if not all of them, under this simple general explana¬ 
tion. A full discussion of the physiological phenomenon of 
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spiral movement in man might, therefore, seem to call for 
discussion of all that has been written on spiral structures in 
organisms, seeing that writers have assumed a causal rela¬ 
tionship between these two sets of phenomena. This litera¬ 
ture is so extensive, however, and so widely scattered that 
the task would be very great, even if its utility were not doubt¬ 
ful. Especially is this the case since we have excellent evi¬ 
dence from the lower organisms that, although it may possibly 
be true that, at bottom, the same spiral mechanism produces 
both spiral structures and spiral movement, yet in a large 
proportion of animals the spiral mechanism does not go in the 
same direction in the same animal. That is to say, for ex¬ 
ample, a Paramecium aurelia is built on a righP spiral plan 

* There exists great confusion in descriptions referring to circular or spiral 
turning, although the matter is extremely simple: the object, person, animal, or 
jiath turns either to the right or to the left. There is no other way to turn. 
This describes it fully and completely. Such phrases as ^‘from the right over 
to the left,** **in the direction of the hands of a clock,** ^*in a spiral like that of 
right-hand screw or corkscrew,** etc., are unnecessarily long and some are of 
doubtful meaning. ‘Clockw'ise* or * anti-clock wise* means one thing to one person 
and the exact oijposite to another. Thus Entz (*26, p. 433) uses * clockwise* 
to mean right spiraling, the usual meaning; while Mast (’ll, pp. 136, 147) 
uses * anti-clockwise * to mean right spiraling. Again, there are not a few persons 
who, not having given any special thought to spiral turns, think that if one 
transferred the handle of an ordinary right-hand corkscrew to the other end, for 
example, it would then be left-handed. 

There are only two possible ways of turning around in a circle (or rotating on 
an axis, providing, of course, there is progression or an outside reference point) : 
one is right and the other is left. And all the world knows which way cither 
direction is. Tell a traveler that at a certain point he has to turn to the right, 
and he has all the information he needs to know in which way to turn. And all 
the world is agreed on what is a right-hand screw. When one says, therefore, that 
Mr. A walked around in right circles or that Paramecium caudatum swims in a 
left spiral, the description of the direction is clear and complete, and the 
‘hay-foot, straw-foot* type of terminology should not be necessary. 

The ease with which directions of spiral or circular turning confuses observers 
is illustrated in Conn’s Algae of the fresh waters of Connecticut (*08, p. 67), 
where it is stated that the cblorophyU bands of the genus Spirogyra wind to 
the right. The figures, however, show eighteen species winding to the left and 
one to the right. All the filaments I have seen from a number of localities during 
the past year wind to the left. Conn may, however, have taken advantage of the 
ancient prerogative of botanists, to whom all left spirals are right and all right 
spirals are left. Even “an ordinary corkscrew,” says Warming (*09, p, 33), 
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(oral groove), but it moves in a left spiral path. In view of 
this situation, which is more or less general, it will be neces¬ 
sary to discuss only those books and papers which seem to 
be more directly concerned with these experiments on man. 

Methods of work 

One of the first method-tests made was to determine 
whether seeing the records of paths made by another subject, 
or the subject’s own previous paths, had any influence in 
walking subsequent paths. No such influence was detectable 
in straightaway paths, but in a few paths where the object 
was to walk around a circle, the knowledge that in one 
path the circles were smaller than the model, probably caused 
the circles in the next experiment to be much larger (N49, 
N50, pi. 5). Four subjects walked straightaways without 
knowing anything whatever of the object of the experiment; 
and these paths are indistinguishable from their subsequent 
paths, when they knew just what the experiments were about. 

In the walking experiments the blindfolded subject wore a 
large hat or carried an umbrella to prevent sensing direction 
by sight or feel of the sun’s heat. Sometimes a raincoat was 
wrapped around the head like a hood for the same purpose 
and also to prevent orientation to breeze. In a few trials the 
ears were plugged with cotton, but this was found later to 
be quite unnecessary. To keep the mind as uniformly occu¬ 
pied as possible, the subject was asked to keep in hie mind’s 
eye some object in the distance, toward which he was to 
walk and at the same time carefully count his steps. In some 

*Hurii8 to the left for the botanists.” On what scienti^. grounds the botanists 
include corkscrews among their subject-matter is not made clear, and I therefore 
am obliged tentatively to follow the rest of the world and the rule of priority, in 
resisting their classification, and shall continue to react to the corkscrew as if 
it were built on a right spiral plan. As a conclusion to this general argument on 
terminology, I think one may assume, without seeming unduly critical, that any 
^nsual statements occurring in the literature as to the right turning or left turning 
of any motion or structure needs cheeking (in addition to decoding from the 
botanists), for it is astonishingly easy to make a. blunder even when one is 
especially studying the direction of turning. 
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experiments the subject was asked merely to walk forward 
without a definite objective and count by threes rapidly to 
keep the mind off everything else as far as possible. But very 
little definite difference could be observed in the paths made 
under these two conditions. The counting was done to make 
the conditions of the experiment as uniform as possible for 
the various subjects and to permit of verification. So far as 
could be ascertained, these expectations were fairly well met. 
Special details when necessary will be mentioned in connec¬ 
tion with the experiments to be described in the following 
pages. 

The walking was done on level fields of as large a size as 
could be found. While some of the observations were of such 
a nature that a field of 3 or 4 acres was of suflScient size, for 
most of the work a field of about 160 acres (65 hectares) was 
used. Ev'en with this field the subjects occasionally came up 
against the fences. Although this field was as level as a floor, 
the experiments on other fields showed that this was not 
necessary, for considerable roll, including ditches and ridges 
and even low haystacks often make no perceptible difference 
in the curvature of the path. No orientation is possible by 
paying attention to the unevenness of the ground in an ordi¬ 
nary level field. Some experiments were also performed on 
ice on the large Wachusett reservoir in Clinton, Massachu¬ 
setts, as a check. In a general way, it may be said that to a 
person walking under the conditions named, the outside world 
is cut off from him to an astonishingly high degree, and only 
a very strong steady breeze or an intensely hot sun near the 
horizon or a loud and continuous noise is capable of giving 
one a clue as to the direction in which he is walking. Of 
course, the subject was assured in all cases that notice would 
be given him to stop whenever he came near an obstruction 
of any kind, and after the first trial of any one subject, dur¬ 
ing which he acted more or less cautiously, the walking 
was done with confidence in a free and easy manner. 

The experiments with automobiles were carried on in the 
aame field' in which the walking was done. The first few ex- 
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on which tlio camera could be placed, and this is greatly to 
be regretted. But while it would be desirable for some pur¬ 
poses to have all camera records, it is not necessary in many 
cases. This is especially true when tests are made on right- 
hand turns as against left-hand turns, on <he size of the 
circles walked, etc. For these and other purposes a free¬ 
hand record or map was made by first fixing several reference 
points ill mind on the part of the horizon included in the 
subject’s field. Then by noting on the path every hundredth 
step, a fair approximation of the correct path could be made. 

Several of the paths made by the Ford automobile were 
recorded in the manner just described by a person on the 
ground, while the size of each of the circles was read off from 
the speedometer, as was also the speed, by a person in the car. 

EXPERIMENTAL OBSERVATIONS 

The experiments in this paper are presented as far as pos¬ 
sible in selected groups with reference to the particular 
method employed in carrying out the experiments. Each 
experiment as illustrated on the plates bears sufficient label¬ 
ing to make clear whatever relationships it may have to 
other paths recorded in the paper. Each group as a whole is 
briefly described with reference to the general conclusions 
these experiments are believed to establish. In some cases 
these points involve discussion of earlier and different ideas 
by other writers, but such discussion will, for the sake of 
clearness, be reserved until the experiments have all been 
described. 

The experiments are described somewhat after the manner 
of ‘case records,’ rather than by briefly summarizing or 
tabulating the results. This method was adopted partly be¬ 
cause of the general interest in the data, but more particularly 
because of the marked individual differences between the 
various subjects, in which circumstance itself inheres one of 
the most interesting and important phases of behavior. A 
further reason for presenting all well attested details is that, 
since the underlying spiraling mechanism is not directly visi- 
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ble, its nature has to be inferred from its activities, following 
the methods of the physicists in studying the nature of the 
atom, and in this early stage of the work it is not possible 
to tell the important details from the unimportant. 

Walking straightaway blindfolded 

In these experiments the subject was blindfolded and re- 
(luested to w^alk straight ahead toward some tree or other 
object in the distance, counting his steeps while walking. The 
object was to see wdiether there was any uniformity in the 
})atlis walked by any one individual and by different indi¬ 
viduals. Walking straight ahead seemed to be the simplest 
condition y)ossible for exi)erimental purposes, and it seemed, 
moreover, to correspond more nearly with the path made by 
amebas, wliicli suggested these paths in the first place, than 
any other form of path. In the illustrations the paths are 
identified by a letter and a number, the letter referring to the 
individual who walked the path, and this letter always refers 
to the sam(‘ individual wherever it occurs in this paper, while 
the number is for identification of the particular curve. 
AVhere sev’^eral curves occur in an evident series, the lower 
number refers to the curve walked first with the other num¬ 
bered curves in order corresponding with the chronological 
sequence of the (‘xperimeuts. In all cases the beginning of 
the path is designated by a circle and the end by a cross. The 
straightaway paths aimed at an objective that corresponds to 
the top of the page directly upward from the circle of the 
particular path. 

C, The first paths recorded in this series of investigations 
were published in my book on Ameboid Movement (’20, figs. 
45, 46). In the spring of 1920, I \ras able to resume these 
experiments, and a set of paths is shown in the accompanying 
plate (pi. 1). The paths were walked by C, a university in¬ 
structor, in the enclosure of a small race track at Knoxville, 
Tennessee. The small size of the enclosure did not permit 
of long paths, and many of the experiments had to bo termi¬ 
nated prematurely because of obstructions in the vray. The 
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first two paths, 6"i, C2 (pL 1) turned to the right, initially* 
All succeeding ones, CS, C4, C5, C6, C7, Cs, turned to the 
left. The first two paths were ordinary walking; the third 
one, C3, was slow running. In C4, C walked 25 steps, then 
stopped about 5 seconds, then walked 25 steps again, and so 
on. In C5, C walked to the left until he came to the fence, 
when he was halted. After he had taken the blindfold off his 
eyes he was asked to put it on again and walk back to his 
starting-point. The total time consumed in taking off and 
putting on the blindfold was about 15 seconds. For the sake 
of ready comparison with other curves of this kind, the first 
limb of the path is shown by a dotted line rotated about 
90"^ to the right, so as to make the curve continuous through¬ 
out. It will be noticed that in this curve as in (U, the curva¬ 
ture of tlie i)ath did not change markedly because of the 
interruptions. The curvature is carried over by the direct¬ 
ing mechanism, as it were, although the motor mechanism 
had ceased functioning during these interruptions. The 
straight 4iandle’ to the first limb of this curv(‘, as of the four 
corresponding curves, is not present in the second limb, and 
the dotted line shows that the convexity of the curve increases 
regularly, even over the interruption.' But the ‘drift’ of the 
small spiral turns would be across the handle, as shown by 
the dotted line, which is contrary to the direction of the 
drift in uninterrupted paths (compare p. 339). After walk¬ 
ing C5y three paths were made by walking backward, f-6’, C7, 
In each case the path terminated at the fence.. They 
all turned to the left. Each succeeding j)ath was somewhat 
less convex than its predecess(»r, due probably to greater 
confidence and better coordination in walking backward 
blindfolded. But these jjaths are nevertheless much more 
convex than where the walking was forward, but this may 
be due partly to the fact that the backward steps are shorter 
than the forward steps. 

Recalling now for a moment the conventional folklore ex¬ 
planation of going around in circles when lost, the question 
arises. Which leg was the stronger in this case, the right or 
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the left, seeing that there are both right and left turns?® 
And if strength alternated, what factor twice as powerful in 
producing the alternation was at work? Since backward 
walking is done wdth the right and the left leg changed about, 
side for side, as compared with forward walking, why are the 
curves in this series left, corresponding with the three preced¬ 
ing, instead of right as we might expect from the conventional 
explanation ? Although these few experiments in themselves 
cast grave doubt upon the prevailing logic in this matter, the 
case is by no means complete, and a consideration of further 
experiments is necessary to show' the complete absurdity of 
the conventional explanation. 

M. It was my intention to continue these w'alking experi¬ 
ments during the regular session at the University of Ten¬ 
nessee with my three original subjects and others, but this 
was unfortunately prevented by the Fundamentalist eru])tion 
in this institution wdiich made further comparative zoological 
research on man rather aw'kward there. In the spring of 
1926, however, I was able to take up again the w'alking ex¬ 
periments in a large field near the University of Kansas, 
excellently suited for this purpose as well as for experiments 
in driving automobiles blindfolded. The first set of paths 
walked on this field are showui on plate 1, and were walked by 
M, a university student. Paths M9 and MW were w^alked suc¬ 
cessively on the same afternoon. Mil and Ml2 Avere also 
walked on the same afternoon. Mil is of very curious shape. 
It had to be terminated because of an obstruction. . MlS^ 
M14^ and M15 were walked while the subject suffered from 
deafness in the left ear, due to a cold. What conmKdion there 
may be between this fact and the peculiar shapes of the 
paths is not known. Ml6 (pi. 2) is again a characteristic 
curve, with the circles becoming progressively smaller and 

* The eirelea made by poraong losing their way are of course much larger than 
these expcTimental circles with the eyes blindfolded; for with the eyes open it is 
possible to walk straight stretches as far as one can see clearly, which may be 
10 or 20 meters in a snowstorm or in a fog, to several hundred meters in a forest. 
The circles in the latter cases are really irregular polygons and may have circum¬ 
ferences of 10 or even 30 kilometers, according to some accounts. 
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then larger again. The latter feature, that is, a progressive 
increase in the diameter of the circles after a x>i’elimiTiary 
decrease, is characteristic of M’s paths. Ml7 is a sample of 
many paths ^vhicll are altered by short preliminary ‘training.’ 
In this case M, blindfolded, turned around on his heel rapidly 
ten times to the right, then walked in a circle 3.5 meters in 
diameter to the right, then started off toward the objective 
in the distance. Tlie general effect is to straighten out the 
latter section of the imth. Other cases of this kind are 
recorded in those experiments where the object was to walk 
around a large circle. 

Mm is a sample of a number of paths walked by different 
individuals to test directly the ‘theory’ that circles are due 
to a longer or strong(*r right or left leg. In this kind of path 
50 steps were walked forward then the next 50 backward, 
then 50 forward again, and so on. The expectation would 
be, of course, a sinusoid on the asymmetry hyi)othesis. But 
a good spiral is the actual result with no change in curvature 
to distinguish it from a normal path walked forward, (‘xce])t 
that the sections walked backward are somewhat more curved, 
as was also the case in paths C6, C7, and Cs, There is shown, 
however, a tendency to walk a sinusoid at the very beginning 
of some of these curves, as, for example, N47 (pi. 5) and Z56 
(pi. (5). That the spiraling in Mis is to the left seems to be 
due to the spiraling mechanism being ‘thrown into gear’ 
during the first 50 steps backward walking, which would be 
normally to the left, walking backward, for this subject. M 
walked backward with some diflSculty. Further discussion 
of this kind of path will be found under N47 and Z56, 

MW is a ])ath similar to Ml8, which was walked within 5 
minutes after w^alking a long path going left around a 31* 
meter diameter circle. M20 starts out 100 steps forward thmi 
walks backward, retracing his steps. The subject turned to 
the left at the beginning, probably because he had just pre¬ 
viously been going around a left circle a large number of 
times. In the backward section he also walked left at first, 
but soon changed to his dominant direction, viz., right. This 
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path illustrates the fact that the typical direction of turning 
is independent of whether one walks forward or backward. 

M]9 was a check path to test normality. It shows the char¬ 
acteristic decrease in size of the first few spirals, followed 
by an increase in the size. The final decrease in the size of 
the spirals was correlated with a sense of fatigue (compare 
M44 and 3/45, pi. 5). M21 is a path of an automobile which 
M directed by talking to the driver, without touching the 
steering mechanism. As in the other experiments, the object 
was to go in a straight path. M was blindfolded, sitting 
beside the driver and calling out directions in order to keep 
the automobile going in what seemed to M a straight path 
(compare Z58y pi. 6). 

P. This subject, a university student, walked a large num¬ 
ber of paths. Among them is a series of four paths which 
were walked to tost the effect of breeze on spiraling. P walked 
north with a northwest breeze blowing, in P22, P2S (pi. 3) 
was w’^alkod in the opposite direction. P24 (pi. 2) was walked 
in the original direction, north, and P25 (pi. 3) again in the 
opposite direction. The subject carried a raincoat over his 
head and stated that he was not conscious of orienting with 
reference to the breeze. As will be reddily seen, the breeze 
had no effect on the diameter of the spirals, but it had a defi* 
iiite effect in causing the spiral to drift in the general direc¬ 
tion of the breeze. P2(i is a path w^alked alternately forward 
and backward, with characteristic curvature. 

This subject 'was frequently very sensitive to changes in 
breeze, character of ground, etc., while w’^alking, and at those 
times the paths 'were very irregular, although always spiral¬ 
ing to the right. 

Driving an automobile blindfolded 

The observations on trying to walk straightaway blind¬ 
folded proved that the spiral paths are not due to asym¬ 
metry of the legs, but that the mechanism which controls the 
spiral is situated either in the cord or higher up. To test 
this further, several persons were requested to drive a Ford 
coupe blindfolded straight toward some object in the distance. 
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W. This subject is a university instructor and expert at 

driving automobiles. (pi. 3) is his first path in which 

he steered and controlled the motor. The smaller right-hand 
circles were about 11 meters in diameter. When this size 
was reached, as the circles became smaller, the steering 
mechanism of the Ford reached its limit of turning, and then 
W “knew that (he) must be going in circles,” so he steered 
the Ford to the left. WJiO is a path walked soon after W29. 
W31 is another path of the Ford steered and controlled by 
W. The first complete circle made was about 13 meters in 
diameter and the last series around 46 meters in diameter. 
W33 is another path by the Ford, with W steering and another 
person controlling the motor. The path had to be terminated, 
since it led directly into an obstruction. W33 is another 
path by the Ford, with W steering and another person in 
control of the motor. W34 is a similar path, but is inter¬ 
rupted by running close to a ditch at the edge of the field. 
After the ditch was passed, the path was similar to the latter 
part of W31 and W33. W33 is another Ford path, with W 
steering and another person in control of the motor. 

The paths of W and the Ford are remarkable for their gen¬ 
eral uniformity, consisting of a circle or two near the start, 
then a longer section with much loss curvature, followed by a 
longer or shorter series of circles in spiral form. The first 
series of one or two circles was either to the right or to the 
left, but the final series was always to the right. The one 
walking path also has the same general characteristics as the 
automobile paths have. Another remarkable thing about 
these automobile paths is that they occupy generally only a 
little more space than the walking paths, and some of them 
less space than some of the walking paths. The speed of the 
Ford was about 13 kilometers per hour. 

Q. Q3?' and Q3S are two paths walked within forty minutes 
by a left-handed university instructor. Note the effect of 
fatigue in QjSfi. 

X. The first path of this subject, a university graduate 
student, is an automobile path with another person control- 
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ling the motor, X36 (pi. 4). The larger circles near the end 
of the path were about 33 meters in diameter. X37 is a, 
walking path in which the last three circles are also about 33 
meters in diameter. In his third path X steered the Ford to 
the right for four circles, when the path had to be terminated. 

U. This subject is a boy of nine years who had never 
steered an automobile or motorboat. He steered a Ford 
blindfolded with another person controlling the motor as 
shown in 1/38 (pi. 4). U39 is a walking path of 1149 steps. 
The circles in the walking path were about 14 meters in 
diameter, while the smaller circles in U38 were about twice 
this diameter. 

T. T40 is the first path made by a university graduate 
student on the open prairie in western Kansas and eastern 
Colorado, by driving a Ford (touring) blindfolded toward 
a little speck c«i the horizon, probably a water tower. T41 
(pi. 4) is his second path with ten circles arranged in spiral 
form, the total distance being 5.16 kilometers. The diameter 
of the circles varied from 75 meters to 207 meters. T42 is 
a path of the Ford driven around an imagined 60-metpr 
diameter circle to the right. When T thought he was around, 
he drove otf straight to the water tower in the far distance 
(toward top of page). Very soon he steered into a left circle, 
bringing up against an obstruction as the speedometer regis¬ 
tered 1.6 kilometers. The next path was the result of driving 
straight for the water tower, T43. Three left circles totaling 
4 kilometers were made. Unfortunately, I neglected to have 
one or more walking paths made by this subject for compari¬ 
son. The average speed of the Ford in these experiments 
was 12 kilometers per hour. 

The Ford paths by X, U, and T agree in general with those 
of W as to size and correspondence with the walking paths 
of the same persons (X and U). In addition, it may be noted 
that the series of circles are frequently in spiral form, that 
is, there is a successive drift to the successive circles, just 
like the walking circles are. This resemblance is very re¬ 
markable, seeing that the spiral character cannot be ascribed 
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to asymmetry in the Ford, since spirals are made either to 
the right or to the left; but the spiral character must be 
due to the spiraling mechanism in the person steering, which, 
as these experiments show, must certainly reside above the 
shoulders. See also 7j&7 and Z5S (pi. 6). A ‘control’ path 
with an unsteered Ford showed no spirals. 

It would be exceedingly interesting to carry out similar ex¬ 
periments with airplanes, but so far no good opportunity to 
do so has presented itself. 

Walkinff around imagined circles 

The experiments descrilwid thus far all had, as their ob¬ 
jective, walking or driving straight ahead toward some dis¬ 
tant object, with the result that the path soon changed into 
a series of circles of an average diameter of about 33 meters, 
usually arranged in the form of a spiral. The question now 
arises. What kind of path does a person make who walks 
deliberately around an imagined circle, blindfolded, of about 
31 meters’ diameter? 

M. M44 (pi. 5) is a jjath walked around a 31-meter circle 
marked off with small wisps of hay. The first circle wa.s a 
little larger than 31 meters in diameter, then followed seven 
circles much smaller than the model circle. Then followed 
two circles a little larger than the model, then another con¬ 
siderably larger. Then the path is almost straight for 200 
steps. At the end of the path there are four circles of about 
31 meters’ diameter. The subject said he felt very fatigued 
the last 300 steps. 

M45 is a similar path. Seven circles of about the size of 
the model came first, followed by a large semicircle about 185 
meters in diameter. Then came six circles averaging about 
23 meters in diameter, which were followed by a long slightly 
curved stretch of path. The subject reported that he was 
“tired from steps 1200 to 1600, then got second wind.’’ This 
subject walked another similar path soon after M45, which 
began with seven circles about 31 meters in diameter, fol- 
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lowed by a semicircle about 160 meters’ diameter. Then 
came a circle about 45 meters’ diameter which corresponded 
with momentary sense of fatigue. Then followed two large 
circular loops of about 78 meters’ diameter, then three 
small circles about 16 meters in diameter, then a long open 
curve against an obstruction. 

N. This subject is a girl, graduate student and left-handed. 
Her first path, N46 (pi. 5) was to be a straightaway to an 
object in the distance. She walked a typical right-hand curve 
with a somewhat more pronounced ‘heterotropic’ (i.e., both 
right- and left-curving sections in it) handle at the beginning 
of the path that is usual where this feature occurs at all. 
Soon thereafter she walked another path, N47^ which con¬ 
sisted of 75 stops forward, then alternately 50 steps back- 
w^ard, and 50 forward tow^ard an object in the distance. This 
path resulted in a right-hand spiral, with the first forw^ard 
section veering to the right, the first backw^ard to the left, 
the second forward to the right, and all following sections to 
the right. N48 is another straightaway path. It fell at once 
into a spiral of thirteen small circles, averaging about 28 me¬ 
ters in diameter, and one circle about 71 meters in diameter. 

N49 is a path around an imagined 3l-meter circle consisting 
of eight circles somewhat leas than 31 meters on the average. 
N50 w^as walked soon after. It is a very open curve with 
tw^o circles, a long stretch almost straight and a beginning 
of a definite curve to the left. In N49 the subject thought she 
“was going at a tangent at times.” The more open N50 
is perhaps due to a tendency to correct for her smaller pre¬ 
ceding curves, for she had seen the draw’ing of N49 before 
she started on N50. 

N51 (pi. ()) w^as designed to test the effect of left-hand 
circling on a person wdio normally makes a right-hand spiral. 

The subject w’as asked to walk twice around an imagined 
31-meter circle to the left and then start off straight to a 
definite object in the distance (wdiich wrould actually have 
been at the top of the page). Two complete circles of course 
•brought the subject to the point of starting, and then a 90° 
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turn on the heel to the left was required to face in the direc¬ 
tion of the objective. The interesting thing about the curve 
is that the path, after the two circles were supposed to be 
completed, began to curve only slightly to the right at first 
then more strongly, followed by a straight stretch of about 
250 steps. The straight section led into two right circles 
about 78 meters in diameter, which were followed by an open 
right curve about 100 steps to an obstruction. 

Z. Z5.9 (pi. 6) is a path walked around an imagined circle 
of 31 meters’ diameter by a university instructor. Tt is a 
very open curve with one left circle about 78 meters in diam¬ 
eter in the middle of it, followed by an almost straight path 
350 steps long to an obstruction. Several other paths are 
given for comparison. Z56 is a path of a series of forward 
and backward walking sections of 50 steps each, toward an 
object in the distance. The first three forward sections v(»ered 
to the right and the first three backward sections to the left, 
thus producing an irregular wavy path. But with the fourth 
forward section a series of circles in spiral form was laid 
down, without any further evidence of waviness in the path. 
Z55 is a straightaway path with one left and two right circles 
in it. Z57 is an automobile straightaway path, Z steering and 
another person controlling the motor. Two series of left 
circles separated by a pause due to slight motor trouble, fol¬ 
lowed by a long open S-curve to an obstruction, made up this 
])ath. Z58 is a path of an automobile which Z, blindfolded, 
directed to go in a straight line by calling directions to the 
driver. The circular path shows that the spiraling mechan¬ 
ism functions even when the person who does the guiding 
has no contact with the steering mechanism whatever. Simi¬ 
lar results are also obtained on boats and trains (p. 339), 

S. To throw further light on the largest size of imagined 
circle one can walk around with any degree of accuracy, a 
graduate student, S, was asked to walk around an imaginary 
circle 31 meters in diameter, then around a 62-meter circle, 
then around a 31-meter circle again. The resultant paths are 
shown in S5S, and S54, respectively (pi. 7). The same 
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experiment was tried by two other persons with similar re¬ 
sults. These results correspond with the general observa¬ 
tion on walking straightaway when the path changes into a 
series of circles of nearly uniform size; that is, the largest 
size of such series of circles (spirals) is around 31 meters 
in diameter. But circles of this size are, of course, not as 
numerous as smaller circles, since these would be at the 
maximal end of the size series. 

Hivimnmig straightaway hVnidfohted 

In all the exi)eriments recorded thus far the long axis of 
the person performing was perpendicular to tlie path walked 
or driven at any given point of the path. The question iiat- 
nrally arose* whether the character of the j)ath would change 
if the body axis was laid, for example, parallel with the i)ath, 
as would be the case in swimming. To test this point a num¬ 
ber of records were made of blindfolded swimmers swimming 
straightaway. To secure accuracy in the records, the path 
of eacli swimm(*r was traced on transparent paper laid on the 
ground-glass of a camera bO cm. by 90 cm., especially con¬ 
structed for th(‘ ])urpose. The maximum amount of accura(*y 
was thus obtained from all points of view, exce})t one, viz., 
it was very difficult to make exact allowance for a slight 
drift in the water due to tidal action or breeze. The drift 
was insufficient to change the jmtli in important i)articulars, 
th(‘ c]ii(*f effect ])eing to shorten or lengthen slightly a series 
of circles formijig a spiral, if the long axis lay in the direc¬ 
tion of tlie drift. The effectivt* drift varied from 30 cm. to 
120 cm. })e]* minute. 

Eacli ])ath is drawn to scale, except where otherwise indi¬ 
cated, when for some reason the camera was not available. 
In some ]3aths, however, the scale is different from that of 
tin* oth(*rs, owing to the large area covered. These paths, 
although drawn to scale individually, can therefore not be 
directly compared as to size with the other records. But an 
accurate comparison may nevertheless be made upon the basis 
of th(‘ number of swimming strokes, which is given for each 
path. 
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As might be expected, the same swimming stroke was not 
used by all the swimmers, and no attem]:)t was made to liave 
uniformity in this respect. In fact, many of the experiments 
were designed so that several different strokes were emi)loyed 
at stated intervals, for various reasons, among these being 
a desire to change the shorter axes of the body with reference 
to the direction of the })atli as well as the longer axis. Swim¬ 
ming on the back thus re(|nires a reversal of tin* dorsoventral 
axis from the })Osition taken in swimming the breast or 
trudgeon strokes. And in the side stroke there is again a 
ditferent ])osition of the* short(»r IrxIv axis. If, therefore, the 
])ositions of the axes of the body have any effect on the char- 
a<*ter of the path, the* various swimming strokes should bring 
it out. 

J). The })ath IXiO (jd. 7) was ma(l(‘ bv a }n'em(*dical student 
and a good swimmer. The stroke was a combination of crawl 
and trudgeon. The ])atli was 120 strokes long and eiuhal 
against an ol>structi(ni. The ])alh was in part recorded on 
a canjera, th(‘ r(»st })eing add(‘d to it from a free-liand sketch. 
I>i)l was made almost immediately following 1)60. Jt is a free¬ 
hand sk(»tch combine<l from two ske1(‘h(‘s made independently 
by ditferent ]>ersons. This is a very nunarkabb^ path, l)e- 
caus<^ of the large number (tifty-two) of small spiral turns. 
Tin* spiral turns were about 7 meters in diameter at tin* 
beginning and gradually decreased in size until the (‘lul of 
tlie series, wlien they were only about 5 meters. The down¬ 
ward beinl in the path just befon* tin* spiral turns begin is a 
very rare phenomenon and its significance is not entirely 
clear. When this ])ath is compared with several other paths 
made by this subject, it appears as if this downward bend 
might re))resent a beginning tendency to form a right spiral 
like that in 1)64, but for some reason was swung back soon 
again into a h*ft spiral, the dominant direction of turning 
for this subject. 

1)6,^ was recorded on a camera and is an exact reprodm*- 
tion of the path, except that the nine small circles in the 
center of the first series were actually ])iled uf) on (*ach other 
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ill a slightly irregular manner. In the drawing they are 
drawn parallel, in order to show the places where changes 
of swimming stroke were made. The first 50 strokes were of 
the crawl-trudgeon type, the next 50 were single overhand 
(right side), and the last 50 were on the back. The change of 
stroke did not perceptibly change the ciirvaUire of the path, 
unless it is assumed that its action was delayed in the second 
change. The back stroke was not as smooth as the other two 
strokes. 

1)62 is the first part of a path made ninety minutes after 
1)64. It is a left spiral and resembles Dei somewhat. In this 
case a change was actually made into a right turning spiral, 
but it was immediately changed back into a series of nine 
left circles. Whether the first change of stroke caused this 
one right turn cannot be definitely assumed. A similar 
change did not produce any noticeable effect in I)6H, but that 
was in a right curve, and three right turns had already been 
made. This seems to make it more difiicult for a change of 
curvature to occur than if no turns have been made. In 
this curve tlio change to the back straightened out the curve 
after the next turn, just as it did in DOS, But the third 
change (not shown) to crawbtrudgeon had no perceptible 
effect. 

1)64 is remarkable for its regularity. Its beginning section 
is of the typical heterotropic type. The last ten turns of 
the spiral are all of almost exactly the same size—about 21 
strokes in circumference. There was a slight breeze in the 
direction of the axis of the spiral which may have stretched 
it out about one-half the diameter of a spiral turn. It should 
be noted, too, that the heterotropic stem consists of almost 
equal segments of a left and a right circle, if one selects a 
point near the top of the stem for the upper end of the right 
segment. Whether this feature of the path represents actu¬ 
ally a balance between a tendency to turn to the right and a 
tendency to turn to the left, alternating, cannot be deter¬ 
mined, owing to too few such paths. But, as far as the 
records show, the question-mark type of curve occurs more 
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frequently in individuals who walk both ri^ht and left 
spirals. 

J. J65 (pi. 7) is a path made by a girl, a eollege iiistruetor. 
This spiral compares with 1)64 in its regularity, but there is 
no sign of any right-turning at any point. The diameter of 
the spiral turns is about b meters and is very uniform through¬ 
out. This path, as all the other swimming paths, started off 
with a dive, but in this case, although the distant o)),iective 
was faced scjuarely while standing on the retaining wall, yet 
when the bathing cap was pulled over the eyes just previous 
to the take-off, the dive itself veered definitely to the left. 

I. An art student and excellent swimmer, a girl, swam 
path J66 (pi. 8). It is an extremely o})en curve with the 
question-mark type of start. One right and three left circles 
were made. 

L. PatJis L67 and L68 (pi. 8) were made l)y a eollege girl. 
The first path, Ij67, is of large size, the spiral turns averaging 
14 meters in diameter, while the stem of the path is over 122 
meters long, that is, from the origin to the beginning of the 
first circle. Tlie s[)iral is somewhat irregular, excepting the 
last three circles, which may indicate the beginning of fatigue, 
although fatigue was not re])orted. L68 is very remarkable 
because of the five very small left circles which were made 
soon after tlie first change of stroke. Tlie diameter of these 
circles was between 2.1 and 2.5 meters. It is the smallest 
uniform swimming spiral (»f which 1 liave any record. The 
final part of the course was made with a back stroke, and 
the spiral turns there were about 4.5 meters in diameter. 
This path as a whole is remarkable in that each cliange of 
stroke is associated with a change in the character of the path, 
although all of the spiral turns are to the right. But the 
beginning of the path veers to the left and the drift of the 
spiral is to the left. This drift is independent of the slight 
tidal drift. This path was made after L67 and several smaller 
paths, all of which turned to tlie left and ended against ob¬ 
structions before anything of importance was observed and 
recorded. It is possible, therefore, that the peculiarities of 
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this path are due to the beginnings of fatigue. No fatigue 
was reported, Imt no special examination was made of this 
point, since the correlation of the onset of fatigue with the 
appearance of a series of smaller circles in the path was not 
discovered until later. 

F. F, a girl research assistant at Cold Spring Harbor, 
swam F6*.9, F70, and F71 (pi. 8), together with several others 
unrecorded here, which resemble F69, The paths are strik¬ 
ingly individual and are remarkable for the long open 
si retches in them an<l the absence of spirals of more than two 
or three turns. The small spiral turns at the end of F70 may 
have been brought on by fatigue, as may also several circles 
in the middle of F71, No fatigue was reported, but here 
again no special examination was made on this point. All 
the circles in these paths turn to the left. As for the rest 
of the parts of tlie palhs, the long stretches of more or less 
irreg'ular curves, there is no adequate explanation of these 
stretcJies apart from a probable connection with temperament 
or sensitiveness to external stimuli (compare 372). 

G. A college girl and research assistant at the (>ariiegie 
Laboratory swam G7:^ (pi. 8), and a number of other paths un¬ 
recorded here. Ft is of interest because of the evident correc¬ 
tions wdiich the swimmer made at about six points in the ])ath. 
There w^as a slight bre(‘ze wdiicli whipped up ripples on the 
whaler, and as she turned to her left in the direction of the 
breeze she unconsciously corrected her path and turned to 
the right. But in each case except the last she veered.to the 
left again. The distances betw^eeii the corrections grew 
shorter as slie progressed and the curvT of the path just be> 
fore each correction w^as more convex in the last few correc¬ 
tions than in the first tw^o. The several other paths made by 
tlie same subject are open irregular curves somewdiat more 
irregular than F()9, with no circles in them. Th(' irregularity 
of these paths w'ere also very probably due to unusual sensi¬ 
tiveness to external factors (compare p. 372). 

E. Next is a series of ten swimming paths made by a uni¬ 
versity graduate student and research assistant. The first 
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five paths, E73, E74, E75f and E76 (pi. 9), were all made on 
one and the same afternoon. Tn three of the paths the spiral¬ 
ing is to the right, and in one case E76, the initial turn is to 
the left, but the turn was not completed owing to an obstruc¬ 
tion. This is the only case of turning to the left for this 
subject. But in the other three cases, although the spiraling 
was to the right, it got very soon into left territory, which is 
quite different from what occurred in all his other paths ex¬ 
cept one, E79, where the stroke was changed. It is also to 
be noted that the path E73 starts with a typical heterotropic 
shape, which seems to be correlated with a balance between 
right and left tendencies in turning. In comparing these four 
paths with the other six, which were made on two other days, 
one can easily see that a definite right-turning tendency was 
operating throughout these six and there are no heterotropic 
starts present. This subject was therefore nearly ‘on a bal¬ 
ance’ between right and left turning on the day when the 
first four paths were made and decidedly right turning on 
Ihe two days when the other paths were made. 

But there is also a marked difference in the group of six 
paths between the three that were made on the 23rd of 
August and the three not recorded here made on the 25th. In 
the three of the 25th the spirals all move rapidly off to the 
right, while the spiral turns of the paths made on the 23rd, 
E77, E78y and E79 were made on the same spot. The change 
of stroke in E79 probably lengthened the spiral turn unduly 
to the left. 

H. II80 (pi. 9) is one of seven paths made by a research 
assistant at Cold Spring Harbor. This subject made paths 
very similar to those of G, but they >vere on the whole freer 
from sharp curves. H’s paths ranged from 80 to 140 strokes 
in length, consisting of wide sweeps which never made as 
much as a semicircle anywhere along their lengths. And 
there is no evidence that this subject corrected his paths un¬ 
consciously because of differences in breeze or light. The 
subject did not report noticing any differences in stimuli in 
which he might have reacted. Whether the circles at the end 
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of path Hso, which were from 6 to about 8 meters in diam¬ 
eter, were due to fatigue is improbable, since this is the 
first path made on that day. 

K. Although it has been brought out in a number of these 
records that a difference in the swimming stroke docs not 
change the general character of the path and that therefore 
the shorter axes of the body play no appreciable part in the 
curvature of the path, yet there was one more set of condi¬ 
tions with respect to axes positions that was experimentally 
practicable which had not yet been tried. This experiment 
consisted in rotating on the long axis of the body continu¬ 
ously while swimming blindfolded through the water straight¬ 
away. One of the boys in the laboratory, K, who had pre¬ 
viously instructed swimming classes, volunteered to make 
this rather difficult experiment. To accomplish the rotation 
he made first a craAvl stroke, then a single over-arm on the 
right side, then a back stroke, and then a single over-arm on 
the left side. Each series of four such strokes rotated the 
swimmer once on the long axis. The first attem{)t, a ‘i)ractice 
path,’ is a three-minnte path shown in Kt<^ (pi. 9). K82 is his 
second path, of four minutes, consisting of one right turn 
and a short spiral of two left turns at the end of the path. 
The jjath was terminated because of slight dizziness due to 
the rotation. There were about 28 complete rotations of the 
body in this path. Unfortunately, no other records in which 
a single stroke was used by K were made, so no comparisons 
of that sort are possible. Nevertheless, it seems impossible 
to conceive that the .semicircular canals could have a point of 
reference within themselves with which to bring about such 
.smooth circularity as is here observed, for this kind of rota¬ 
tional swimming requires not only the quick and extensive 
movements of the head seen in ordinary swimming, but con¬ 
tinuous rotation of the head in addition while these move¬ 
ments are going on. 
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Effect of a drug on spiral morcmcni 

All the cxperirneiits recorded so far in walking, automobile 
driving, and swimming were made upon the normal neuro¬ 
muscular system; no attempt was made to change its activities 
in any way except as these might be changed by fatigue or 
a particular stroke used in swimming, etc. There are, as is 
well known, many chemicals which affect the motor organs 
of man in one way or another and in some cases the effect on 
the motor organs is accomj)anied by more or less specific 
effects on the nervous system, including the cortex. In the 
hope that some light might be shed on the more fundamental 
operations of tin' spiraling rneclianism in man, several walk¬ 
ing experiments were made on two college instructors wlio 
had taken mild doses of the standardized pharmacological 
drug, spiritus frumenti. This drug was employed rather than 
caffeiu or theobromine or other of the commoner alkaloids of 
similar efiect, because its ])hysiological effects have bc'cn more 
widely studied and observed and also l)ecanse it is generally 
safer to use. In addition, it has long been known to ])roduce 
an exhilarating effect in the activities of tlio cortex of such a 
kind as to make th(‘ i)er8on seem tempc'rannuitally difftu'cnt 
when stimulated by it. Since, as W(‘ shall se(‘ later on, tluuT* is 
good ground for holding that certain types of paths an* cor¬ 
related with certain temperaments, this type of (*x])erim(‘nt 
gains added interest. The ex])eriments w(‘re }>erformed in 
a fairly level field in another part of the vorld when* tin* 
particular experimental conditions required were generally 
more suitable. 

Tlie subjects I? and WW walked several straightaways first 
to see \vhat their normal paths are like. One of each subject 
is given in Rtci (pi. D) and iriTw. /?<S.V is a tyi)ical normal 
path for R, and but slight effect of the drug is notic(*d in Rha. 
The spiral is more open and the drift is different in direction. 
RHo^ which was i)receded by a second mild dose*, is markedly 
different from the normal. There is a very long and almost 
straight section at the beginning of the path, followed by two 
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circles, which iu turn are followed by a long open curve. The 
first part of the curve is of the typical helerotropic type, 
although the stem is unusually long. This type of curve, as 
has been stated before, is associated with a near-balance be¬ 
tween right-turning and left-turning tendencies, and this near- 
balance was probably brought on by the drug, for B is nor¬ 
mally right-turning. R86 is remarkable for the number of 
small circles, some of which are only 2 to 2.5 meters in diam¬ 
eter. All the turns are right, however. The circles are un¬ 
doubtedly due to the spiraling mechanism, for the drift of 
the spiral away from the beginning of the path is maintained 
and the circles were for the moat part smooth. In It87 the 
circles are all small and mostly to the left (ten left to four 
right). The beginning of the path is the usual straight or 
nearly straight stretch, which indicates that the motor mech¬ 
anism was still under control, although the fact that the cur¬ 
vature was to the left and the larger number of spiral turns 
were to the left, indicates that it was thrown off its right 
tendency into a left. In the last two paths, R86 and R87, the 
steps were considerably shorter than in the preceding paths. 

WW. The normal cur\'e for WW is shown in WW88 (pi. 9). 
After the first dose of the drug a heterotropic type of path 
was walked, WW69. This is not a typical heterotropic type 
of path, however, for it is too long before a circular path 
begins. In WW90 the effect of the stimulant is marked. A 
tyj)ical heterotroi)ic type of opening is seen and the spiral 
of small turns (about 16 meters’ diameter) has a definite 
drift, showing the operation of the spiraling mechanism 
throughout. A second dose of the drug made the spiral very 
irregular, with small turns of irregular sizes, but the general 
drift is nevertheless away from the base. All the spiral turns 
are to fhe right and the beginning of the curve is of the het¬ 
erotropic type. WW93 is similar to the preceding except for 
three sharp turns which resulted from uneven topography of 
the field. In this path the usual nearly straight stretch of 
about 35 steps is present, though much shorter than under 
noiinal conditions and the heterotropic type of start is very 
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evident, la this path, as in the preceding, all the turns are to 
the right, and the drift is, in general, away from the base. 

All these paths show the spiraling mechanism at work, as 
indicated by the beginning straight or sliglitly curved section; 
secondly, by a series of spiral turns showing a definite drift. 
The progressively stronger effect of (he stimulating drug as 
the series of experiments were made caused smaller and 
smaller spiral turns. Just as soon as the spiraling mechan¬ 
ism began to operate*, as judged by the appearance of the 
curves, in Rhg, HS7, WWffl, and WW92, it operated much 
more strongly, that is, made much smaller turns than under 
normal conditions. The drug removed some restraint, th(*re- 
fore, which is ordinarily present and prevents spiral turns 
as small as 2.5 met(‘rs in diameter. This lack of restraint is 
probably decrease<l discriminatioii in muscle sense. 

One of the most remarkable etTects of this experimental 
treatment is that it transformed the normal open spiral of 
WW into a close one as the first marked effect of the stimu¬ 
lant, while in K the close spiral was transformed into an open 
one. That is, it reeluired a moderate dose of stimulant in 
each of these subj(*cts to walk paths that resemble those 
the other one w:;ilks normally. No satisfactory explanation 
suggests itself for this peculiar circumstance, although some¬ 
what similar results are said to occur frequently in subjec¬ 
tive operations under similar conditions. The subjective re¬ 
ports from these walkers were, in general, similar to reports 
from normal walking experiments exce[)t that there was much 
greater wealth of detail. There was no sign of intoxication 
in the ordinary sense of that word. Such a condition would 
of course have defeated the object of the experiments and 
invalidated the results and made them wholly worthless as a 
contribution to the scientific study of spiral movement. 

Spiral movement in two mental defectives 

DC. This subject is a patient in the Topeka State Hospital. 
He is diagnosed as a manic depressive, manic type. He is 
fifty-four years of age and has been in the hospital for thirty 
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years. He works at simple tasks in a mechanical manner, 
speaks only when spoken to, can tell time, but says he is ‘^one 
hundred years” old when asked his age. He was quite willing 
to walk blindfolded (^to test his eyes for glasses’), but an 
assistant had to follow him and constantly urge him to walk 
faster to keep him from stopping and trying to peep out 
from under the blindfold. Two of his straightaway paths 
(walking toward the hospital) are shown in DC 100 and DC 101 
(pi. 10). DC 101 shows a typical left spiral with a hetero¬ 
tropic handle. After walking close to an obstruction, he w’as 
halted and led around by the assistant to the right, whereupon 
he made a right-hand turn followed by another left turn. A 
31-meter circle was marked otf on the ground and DC was 
asked how many steps he thought it was across. After a 
moment’s pause he replied ‘‘about forty.” He was then 
blindfolded and asked to walk around it a number of times 
until told to stop. DC 102 and DC 102 show the results. 

DD. This subject is a twenty-three-year-old imbecile with 
a mental age of about three or four j^ears. Ilis hospital rec¬ 
ord slates that his reason and judgment are poor, but that his 
sensory system appears normal, that he has no hallucinations 
or illusions, is well oriented as to time, place, and person, 
and is generally M^ell behaved. He was quite willing to walk 
blindfolded, altliougli an assistant had to follow him a part 
of the time to keep him from slowing down. DD92, DD94, 
and DD95 (pi. 10) are three straightaway paths, the first two 
of which are almost exactly identical, l)ut had to be tenni- 
nated l)ecause of obstructions. DD05 is a typical path, indis- 
tinguisliable from those of normals. DDOG, DD97, and DD99 
are three paths walked around a 31-meter circle. When asked 
how many steps it was across the circle, he replied ‘‘about 
six.” The small circles he made indicate that he followed his 
judgment, for Die diameters varied from 4 to 3 meters. In 
DD98 he walked l)ackward around the circle in very small 
circles varying from 1.5 to ‘2.5 meters diameter, while the 
smallest were only about 1.2 meters in diameter. It is clear, 
therefore, tliat in the straightaway, where judgment did not 
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enter into the making of the spiral turns, the size is typical 
of the normal spiral; but in walking around the circles where 
judgment entered, the paths show the effect of greatly mis¬ 
judging the size of the circles. 

Walking around figure-8^s and around squares 

Two short series of walking experiments were performed 
on the ice of the large Wachusett Reservoir at Clinton, Massa¬ 
chusetts, during the winter of 1923. In one series the blind¬ 
folded subject walked around figure-8’s made of two oscu¬ 
lating circles of 9 meters’ diameter scratched on the ice. In 
no case was it possible to approximate the figure-8 so that 
it could be recognized by inspection of the path merely what 
the object of the experiment was. As might be expected, 
the greatest deviations occurred where a right-hand curve 
changed over to a left-hand and vice versa, producing a great 
and irregular distortion as the subject repeated the course 
around the figure. In one case the direction of turn was 
reversed and the pattern of the figure-8 comidetely lost. All 
three subjects used in this experiment walked a number of 
times around one of the 9-meter circles with a fair degree of 
accuracy. 

In the other set of experiments the object was to walk 
around a 9-meter square scratched on the ice and circum¬ 
scribing the circle. The results were as accurate as those of 
walking around the 9-meter circle. All the subjects walked 
from 200 to 300 meters around the square without *diowing 
any curvature on the sides. The right-angle turns at inter¬ 
vals is evidently sufficient to prevent the spiraling mechanism 
from influencing the direction of the path. 

In the table below is summarized the entire number of 
spiral turns made by thirty-seven subjects while walking, 
swimming, or guiding an automobile blindfolded, in attempt¬ 
ing to go in a straight line. Other experiments, such as walk¬ 
ing around circles, etc., are not included. The direction of 
the first turn of a complete spiral path is also given, as well 
as the number of heterotropic starts. These data probably 
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represent a random selection which is indicated by the (^lose 
agreement between the left-right ratios of the total number 
of turns and the initial turns. Right-turning predominates in 
walking and automobile driving, but left-turning predomi¬ 
nates in swimming. (T\w initial turns in swimming were 
24 right to 10 left.) No explanation is apparent, and it is 
possible that a much larger number of subjects and experi¬ 
ments would reverse the rat io. 

TABLE 1 

Showing ratio of left to right tiiiii.< in waU'ing, ,KU'immiiig, and driving automohitrs 

blindfolded 

Ileteroti o/oe xturtM ITonioti opir'^ iftartM 


Left 

It Iff fit 

Left 

Iliffht 

Direction of turn «1 heginiiing of poth l‘J 

Total stfirts, left-right ratio 1 to 

IP 

1 .ns 

42 

5b 

NumlK*r of spinil turns iimdc in wiiIking 

straightaway (20 siibj(‘cts) . . 


111 

250 

Number of spiral turns nmile in swiiiiiinng 

straightaway (14 subjirts) . 


115 

94 

Number of spiral turns made in autoiiui 

bile driving (S subjirts) . 


55 

92 

Total. 


281 

41b 

Ratio . 


1 

to 1 48 


Spiral mordmeiits on hoofs and trains and tlirir ndation to 
rotational tnoremonts in dizziness and vertigo 

In addition to these experiments in walking, swimming, 
etc., some observations were also made while riding on small 
motorboats, trains, and ocean liners as to the influence of 
the spiraling mechanism. Tlie most definite results are ob¬ 
tained on motorboats and trains. When one stands facing- 
ahead on a small motorboat going in a straight course, fixes 
his mind on an object in the distance and then closes his eyes, 
the boat soon turns otf her course, either to the right or to 
the left. If the subject changes his position by turning on 
his heel so as to always face the objective in the mind’s eye, 

’ * Homotropip ’ means that every part of the curve turns in one direction, either 
right or left, as distinguished from Mieterotropic * curves, in which some sections 
turn to the right, others to the left. 
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he may make a complete rotation or even more on his heels, 
although usually the mind’s eye becomes confused after half 
or three-quarters of a turn. The same effect is produced 
when facing astern, but the directi'on of turning is reversed 
in most cases, probably typically in all cases. (This can be 
determined only with certainty by a person who is invariably 
right-turning or invariably left-turning, and none such has 
yet made the test; such persons seem, moreover, to be very 
rare if they exist at all.) As a concrete illustration, one 
subject, whose predominant direction of turning was right 
when walking blindfolded, found a motorboat going to the 
right eleven times out of twelve trials when facing ahead. 
When facing astern and fixing the mind’s eye on some distant 
object which the boat was leaving behind, the object gradu¬ 
ally swung over to the right in three trials. This means that 
the boat’s path was interpreted as being to the right. Similar 
results w'ere obtained on three ocean liners in a fairly calm 
sea, but only with considerable ditficulty is it possible to get 
the spiraling mechanism to work, and it is seldom possible 
to get more of a turn than about 60°. The most favorable 
position is the extreme stern, over the propellors. On trains 
the phenomenon is easily observed, especially on the observa¬ 
tion platform. Here it is, of course, necessary that the train 
run on a straight course for some miles. It is also very easy 
to notice the operation of the spiraling mechanism in Pull¬ 
man berths, but the data are of little value, since it is usually 
not readily ascertainable whether the train was running a 
straight course. But the fact that in the great majority of 
cases the turning is in the same direction as that observed 
in walking and on boats may indicate that the train was run¬ 
ning a generally straight course while these tests were being 
made. 

When one is making these tests on trains or boats and the 
direction of locomotion is markedly changed in a particular 
direction, the subject of course turns in the opposite direc¬ 
tion to an approximately equal amount. This necessarily 
follows from what has been learned of the walking and auto- 
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mobile experiments. This is a type of compensatory move¬ 
ment well known in many vertebrates and in invertebrates 
(see especially Lyon, ’00). 

These observations on boats and trains are what would be 
expected after having seen the results of driving an automo¬ 
bile blindfolded. That the spiraling effect is more easily ob¬ 
tained on small boats and trains than on ocean-going liners 
is probably due to the larger amount of noise and quick mov'o- 
ments of the small boats and trains which create a more com¬ 
plete mental picture (»f locomotion or else serve to reduce 
further the discriminating power of the tHiuilibrating organs 
in the labyrinth than is possible on a large vessel. This hy 
pothesis could very easily be tested experimentally, but so 
far no good opiiortnnity has presented itself. That a reced¬ 
ing objective (from the rear end of a train or stern of a boat) 
should turn in the same direction is, however, not so clear, 
for the direction of locomotion of the boat or train would in 
that case be to the left. As in the case of the palolo (compare 
p. 378), it seems that here the direction of rotation is primary 
and independent of the direction of progression. 

When a person swims or walks a straightaway blindfolded, 
he is not aware of a sensation of turning as he walks (uncon¬ 
sciously) in spirals. There is no subjective sign of any sort 
that he is walking in any but a straight path. But in direct¬ 
ing the path of an automobile blindfolded or in testing the 
direction of movement of a boat or train as described above, 
a distinct sensation of a continuous rotational ‘drift’ is ex¬ 
perienced with a measured velocity of slightly less than 1.25 
minutes per rotation (compare Z58). It is ‘less,’ because the 
body follows the drift, and one spiral turn required about 1.25 
minutes. These subjective sensations of rotational drift seem 
to be identical wdth those experienced by some persons suffer¬ 
ing from overdoses of quinine, alcohol, caffein, or other stimu¬ 
lants. In these conditions the rotational drifts are more 
intense and probably more rapid, as the experiments herein 
described wmuld tend to show {R, WW, pi. 9). 
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Eotational drifts are also experienced in many of the large 
classes of nervous diseases of which vertigo or dizziness is 
a symptom, and this is especially the case with those diseases 
which are of purelj’^ neurotic origin. In the literature, the 
asymmetrical movement? made during dizziness and vertigo 
and the subjective rotational drifts have generally been as¬ 
sumed to be duo to defectively functioning semicircular canals 
and accessory organs, mostly because in certain diseases of 
the canals, especially Meniere’s disease, the accompanying 
incoordinated movements seemed evidently directly connected 
with the infected or diseased canals. Likewise, in the experi¬ 
ments on extirpation of the labyrinth of either or both sides, 
pronounced incoordination of movements is produced (see 
especially the papers of Ewald, ’92, and of Thomas, ’99 and 
’12, who worked on frogs, salamanders, pigeons, guinea-pigs, 
and dogs, and the book of Maxwell, ’23, for general discus¬ 
sion). Similar effects in some respects were also produced 
by extirpation of parts or the whole of the cerebellum, though 
in other respects the results were distinctly different, such as 
the ability of the operated animals to swim in the latter case 
while unable to do so in the former. 

But there are a number of cases on 'record where there was 
no reason to suppose that the dizziness or vertigo was asso¬ 
ciated with defective canals, such as the presence of tape¬ 
worms, lowered or increased blood pressure, toxemias, etc. 
(Oppenheim, ’ll). One of the commonest elements in the 
neurasthenia, hysteria, etc., syndromes is vertigo, *nd in 
these cases no structural defects in the labyrinth or cere¬ 
bellum seem to have been shown to exist. It is, however, quite 
possible that a change of blood pressure accompanying the 
neurasthenic condition temporarily impairs the function of 
the organs of equilibration, but just how, is purely specula¬ 
tive. For the purposes of this present paper it is, however, 
unprofitable to discuss all types of dizziness or vertigo, for 
many of them are undoubtedly associated closely with struc¬ 
tural pathological defects in the labyrinth or cerebellum; and 
in many of the remainder of the cases the observational data 
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of the case histories are not complete enough to show whether 
rotational movements or drifts were experienced. For at this 
stage of the investigation, the only definite connection between 
spiral movement and vertigo consists of those cases where a 
subjective rotational drift was reported. (This is to be taken 
in a practical sense, of course, and not in a theoretical; for 
when the labyrinth ceases to function through disease or 
removal, the resultant dizziness or vertigo is not caused by 
something which is no longer there, but by something which 
is still there, but which functions differently from the equili¬ 
brating organs. It is absurd to say that the extirpation of 
the labyrinth of the frog causes inability to swim, for example. 
The special character of swimming is plainly produced by 
something which is still in the frog.) 

If the end organs of the eighth nerve cannot be shown to 
cause the rotational movements and possibly resultant dizzi¬ 
ness or vertigo, where, then, is the seat of these phenomena? 
The hypothesis adopted in this paper is that it is in the or¬ 
ganization of the nerve tissue itself, that it is a temporarily 
accentuated property which is present in normal conditions 
in all animals as exliibited by the phenomenon of spiral move¬ 
ment. Loeb (’91), on dogfish; Ewald (’92), on frogs; Lauden- 
bach (’99), on the amphibian, Sircdon; Trendelenburg and 
Kiihn (’08), on snakes and lizards; Thomas (’12) and Wilson 
and Pike (’12), on dogs, showed that with both of the eighth 
nerves severed, these animals rotated on the long axis when 
swimming—a result which obviously cannot be explained by 
the absence of the labyrinth nor on the basis of bodily asym¬ 
metry (compare pp. 354-361 of this paper). 

Lee (’94) obtained somewhat similar results from his work 
upon the dogfish, and Mr. David Pankratz and myself ob¬ 
tained confirmatory results on the toadfish (Opsanus tau) in 
trwo specimens which had the eighth nerves severed and the 
eyes removed. Practically all the swimming vras in helical 
spirals with the turns wound closely together. One of the 
fish swam the turns s6 closely together at times that they 
would ordinarily be described as circus movements, although 
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there was definite but slight forward movement along the 
spiral axis. Streeter (’06) also performed some very inter¬ 
esting experiments in this connection. He removed the ear 
vesicles in very young frog embryos and kept them alive for 
about two months, when they died, owdng to general inability 
to go to the surface of the water to get air and to find food. 
These tadpoles sometimes swam in spirals. 

In this connection it is necessary to insert a note on ‘circus 
movements’ and ‘forced movements,’ which result when one 
of a pair of sense organs employed in equilibrium, such as the 
eyes or the labyrinth, is removed or otherwise prevented from 
functioning. That the functioning member of a pair of sense 
organs under these conditions exerts a powerful influence 
on the behavior because of the removal of the opposing sense 
organ, and thereby destroying the ‘balance’ of the equilibrat¬ 
ing mechanism, seems to be generally admitted. The circus 
movements such as insects make, for example, when one eye 
is blackened, are not caused by the spiraling mechanism, nor 
does it appear that the spiraling mechanism is a component 
in causing the resulting behavior. This is shown most clearly 
by the fact that the removal of one orienting or equilibrating 
organ is associated with a change of behavior referable to 
the side of the animal operated on, while the right or left 
turning in movement due to the spiraling mechanism is inde¬ 
pendent of all discoverable bilateral asymmetries. Then 
again, animals wdtli unilateral lesions frequently recover grad¬ 
ually from their asymmetrical behavior, while there seems 
to be no ‘ recovery ’ from the operation of the spiraling mech¬ 
anism when orienting senses are not functioning. Since circus 
movements are therefore not directly related to spiral move¬ 
ment, further discussion of them is not relevant here. 

It seems, therefore, that when the ordinary functioning of 
the equilibrating organs is interfered with through some 
psychic, vasomotor, or other disturbance, or completely ob¬ 
literated by experimental means, the more deep-seated spiral¬ 
ing mechanism makes itself felt and produces movement in a 
helical spiral of a greater or less degree of regularity, de- 
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pending upon vigor of the locomotor organs and other 
conditions. 

As has already been said, the spiraling mechanism makes 
no report in consciousness when walking or swimming or 
driving an automobile blindfolded. But when one is directing 
an automobile by calling directions to the driver or when 
testing the straightaway path of a boat, one becomes aware 
of a rotational drift. It is evident, therefore, that the spiral¬ 
ing mechanism may break through into consciousness in some 
way when it moves at a more rapid rate, so to speak, than 
the body does, hinder abnormal psychical conditions, this 
rotational drift becomes sufficiently ])ronouneed to become of 
pathological importance. Whether the nature of such abnor¬ 
mal psychical conditions is, at bottom, reduced discrimination 
of the end organ of the eighth nerve, is not definitely known, 
but we may have an earnest in the fact that in automobiles 
and small boats, with the increased amount of noise and 
vibration, the spiraling mechanism works much more cpiickly 
and eflicieiitly than on an ocean steamer; and on a steamer 
the spiraling mechanism works more effectively at the stern, 
amid the noise of the propellers, than in the staterooms or 
other more quiet parts of the deck. 

Neither is it necessary that the rotation should be continu¬ 
ous in one direction or at uniform speed. The experimental 
records described in this paper show a great variety of form 
of path, and there appears no reason why, under the abnormal 
psychic or other abnormal bodily condition, the spiraling 
mechanism should not function with somewhere near the same 
degree of regularity. 

There is a class of phenomena closely related to those just 
considered, so closely related, in fact, that they should be 
considered as of the same class. These phenomena are usu¬ 
ally called compensatory movements. They are seen not only 
in vertebrates, but in many kinds of invertebrates. In fact, 
Lyon (’00) reports that all types of compensatory movements 
known in vertebrates can be demonstrated in insects where 
no otoliths and, of course, no semicircular canals occur. In 
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crabs and crayfishes the compensatory movements are in 
large part due to the presence of an otocyst and a small part 
to sight. But a small part is also due to some other influence 
besides sight and the otolith. In insects the compensation 
seems completely or almost completely mediated by sight. 

But dependence on sight for compensatory motions and 
maintenance of equilibrium is very likely also the case in 
some human deaf-mutes. James (’82) investigated 519 deaf- 
mutes and found that there were a considerable proportion 
who did not become dizzy on being experimentally rotated, 
as is now being done in the Barany tests for nystagmus and 
‘past pointing,’ which indicates that their internal oars were 
not functioning. Many of these deaf-mutes were unable to 
swim, not knowing up from down, nor any other direction, 
when immersed with the eyes closed. Many of them also had 
great difficulty in walking in the dark. It is almost certain, 
therefore, that in these non-dizzy deaf-mutes the function 
of equilibration was for the most part taken over by sight. 
This is confirmed by Wilson and Pike’s (’12) labyrinthless 
dogs which became practically helpless when blindfolded, 
although when seeing they got along fairly well. 

In looking at all the observations, therefore, experimental 
and otherwise, on equilibration and compensation movements 
in vertebrates and invertebrates, the following statements 
would seem to apply: It is more difficult to maintain equilib¬ 
rium in water than in air for vertebrates and invertebrates 
alike, which follows presumably from the smaller difference 
in specific gravity between the organism and the medium in 
the two cases. Special organs may therefore have arisen in 
crustaceans, viz., the otoliths to subserve this function, while 
the insects found sight capable of mediating equilibrium. In 
no organism is equilibrium maintained exclusively by the 
internal ear or by the otoliths; sight, the muscle sense, and 
perhaps also other senses also play a part. When the special 
equilibrating organs are thrown out of function for some 
reason, other senses, such as sight, may take it over as in 
the non-dizzy deaf-mutes. Because of the varying sensitive- 
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ness of the different sense organs of different individuals, the 
part each sense organ has in maintaining equilibrium varies; 
and since other sense organs can take over in large part the 
function of maintaining balance, observation on extirpation 
experiments must of necessity vary considerably and progres¬ 
sively as the animal lives on and readjustments set in. Out 
of this fact arise undoubtedly many of the supposedly discor¬ 
dant results in the literature on this subject. 

What we know, therefore, of the functions of the cerebel¬ 
lum and the labyrinth by experiment on various animals and 
from clinical observation on man, together with what we 
know of the spiraling mechanism in man, indicates that a 
considerable proportion of the cases of dizziness and vertigo 
find the immediate cause in the operation of the spiraling 
mechanism through the subsidence of functioning of the laby¬ 
rinth due to pathological or abnormal psychic conditions. 

Note (HI the antokinetic ^•^ensatioii 

Closely related to the observations on rotational movements 
on boats and trains, etc., are those comprised under the so- 
called antokinetic sensation, to which my attention was re¬ 
cently directed by Dr. J. P. Guilford, who is engaged in 
investigating this interesting phenomenon. The literature on 
this subject is rather extensive and dates back over one hun¬ 
dred years to an observation by von Humboldt. For a review 
of the principal papers reference may be made to the papers 
by Doctor Guilford, now in press in the Journal of Experi¬ 
mental Psychology. 

A good illustration of the antokinetic sensation is had when 
one gazes intently at a lighted cigarette in a dark room. 
Under these conditions the light spot of the cigarette begins 
to move. The path it describes when the gaze is held fixed 
varies somewhat with the subject, but most frequently it is 
some form of oval, and the rate with which it moves is in the 
same range as that observed in walking, swimming, or driving 
a spiral turn or to rotate on the heel in maintaining a constant 
relation to a position fixed in the mind^s eye on a moving boat 
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or train; that is, from 1 to 2 minutes for a turn, with extremes 
of i minute and 2.5 minutes. 

In order, however, to make the conditions of these experi¬ 
ments more nearly comparable with those of the walking ex¬ 
periments, I attached the lighted cigarette to the hat brim by 
means of wires to eliminate vibration, about a meter from 
the eyes. When one now fixates the eyes on the dim spot of 
light, it begins to move after a few seconds just as it does 
when lying on a solid support. With care one can follow 
this apparent movement by rotating on the heel so as to make 
one or more complete rotations on the body axis, and the 
time required for one rotation is found to be within the same 
time range as that noted for walking, swimming, or driving 
circles. It is to be noted that one must follow the ‘movement/ 
that is, go a little slower, or the illusion will be destroyed, and 
one has to begin all over again. Many of the details of obser¬ 
vation surrounding these experiments on the autokinetic sen¬ 
sation, as well as those recorded in the literature, are so simi¬ 
lar to those observed in the experiments on boats and trains 
and automobiles, that there can be little question that the 
spiraling mechanism causes the dim spot of light to move, 
and that the autokinetic sensation is, ih fact, a special case 
of spiral movement. 

It is indeed probable that every sense organ that has to do 
with localizing a point in space is subject to the influence of 
the spiral mechanism, so that when the rest of the space field 
does not contain definite reference points or landmarks which 
tie the field together, the point fixated will begin to rotate. 
With appropriately devised experiments, both hearing and 
touch could doubtless be thus investigated. 

DISCUSSION 

It is the abject of this section to make a critical analysis of 
the experimental data set forth in the preceding section in 
order to see what conclusions may be drawn from them and 
what connection there is between these conclusions and those 
derived from a study of movement and certain aspects of the 
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structure of other organisms. As stated in the introduction, 
these experiments were carried out as a part of a more com¬ 
prehensive study of spiral movement in organisms. The be¬ 
lief was held from the beginning that no one group of organ¬ 
isms would probably suffice, by using the experimental 
method, to explain the fundamental characteristics of the 
spiral mechanism, but that some phases at least of the work¬ 
ings of this mechanism could be much more readily under¬ 
stood by examining such organisms as might be supposed to 
be more suitable for a particular purpose. Thus, for example, 
where could one find an organism better adapted than man 
to test the effects of changing the relation of the body axes to 
the x> 08 itioii of the path I From this larger point of view, 
therefore, man is neither more nor less important than Ihe 
ameba, for example, in shedding light on this subject; and it 
is entirely as reasonable to study man’s movements in order 
to understand how an ameba moves as the other way around. 
The most efficient organism for this purpose is not the one 
that stands highest in the evolutionary scale, for, as will be 
seen, there is comparatively little, if any, evolution in this 
mechanism; nor is it the one that excites the most human 
interest on the side, but the one that reveals most of the 
spiraling mechanism. It is important that this is thoroughly 
realized, especially by those who are primarily interested in 
human behavior, for there is already enough evidence on hand 
to make it highly probable that the same mechanism is at 
work in man that operates in the ameba. And those anatomi¬ 
cal structures of brain and muscle and sense organ which are 
peculiar to mammals or vertebrates cannot offhand be as¬ 
sumed to control a mechanism which functions perfectly in 
animals lacking these structures (e.g., Lyon’s (’00) observa¬ 
tions).* This study of spiral movement presupposes, there¬ 
fore, that the locomotor system of all other motile organisms 
is before the mind when that of man is specifically under 
discussion. 

•Lyon, for example, found <*om|>en«atory movements in a number of inverte¬ 
brates where setnieireular eanals do not, of course, exist. 
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The spiral movements of man, however, do not stand forth 
as a closed system of behavior; these movements, on the con¬ 
trary, are more or less influenced in their expression by other 
activities of the organism. As to how extensive and varied 
these influences are, these experiments afford only a prelimi¬ 
nary glimpse. So far they seem mostly to be concerned with 
matters of detail (leaving out of account now hereditary 
differences of brain structure, involving ‘temperament^) 
which in no case so far obliterates, even to an appreciable 
extent, the general effect of the spiraling mechanism. With 
these details this study has little to do, except in so far as a 
study of them may lead to a further understanding of the 
spiral mechanism. When a feature of movement is seen to 
be due to some stimulus that bears no definite relation to the 
study of spiral movement, it is not studied further. These 
extraneous features are stripped off, however interesting 
they may be from other points of view, as of no further con¬ 
cern in the present investigation. 

Ill comparing these experimental data with each other and 
with similar observations from other animals, we may con¬ 
sider, however, for special examination the supposed connec¬ 
tion between structural asymmetry and walking around in 
circles when lost, because this erroneous belief is so wide¬ 
spread and because certain writers have actually measured 
skeletons of men and other vertebrates in an effort to dis¬ 
cover thereby such connection. So that, although it seems 
impossible to maintain further, that asymmetry is the cause 
of spiraling, from even a superficial examination of the fore¬ 
going experiments, it may be necessary, in order to satisfy 
all concerned, to go further into the details involved in this 
(luestiou and to examine every important detail of the asym* 
rnetry hypothesis. For it will be seen that, although the 
spirals are not due to asjnnmetry as stated, certain details 
of some paths may be caused by asymmetries. 

In so far as the recorded observations go in this paper, 
What is the evidence against explaining the spiral path as 
due to asymmetry, such as a longer leg on one side, for 
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example, or stronger (heavier) muscles in one leg than in 
the other? 

1 . In the first place, structural asymmetries are permanent. 
A longer femur remains a longer femur and a heavier set of 
muscles in one leg than in the other remains heavier. And the 
result in the functioning of such asymmetrical legs, other 
things being equal, is that the longer or stronger one takes 
longer steps and thus the body is led to go in a circle or in a 
series of circles. Observation shows, however, that both right 
and left circles are frequently walked or swum in the same 
experiment. If there is structural asymmetry of the kind 
specified above in this person of both right and left turns, 
some factor operatc^s which is just twice as powerful as the 
effect of the asymmetry, either wlien the first circles are 
made or when the second (opposite) set is made. And the 
factor has exactly the effect of the asymmetry, except that 
it is of)posite in effect, since the circles are just as smootli and 
of about the same size. 

Or one may assume that in this case there is no asymmetry, 
both sides of the body being considered equal in size of 
bone structure and strength of musculature. But since one 
observes the same shape and size of circles in these experi¬ 
ments as in others where the spiral turns are all in one 
direction, the assumption of asymmetry to explain spiral 
turns is no more necessary in the latter homotropic spiral 
than in the former. 

As we shall see later, the degree of asymmetry reported 
from measurements of skeletons differs from a very slight 
to a marked degree. This would lead one to expect a great 
variation in the size of the spiral turns among different 
individuals, those with marked asymmetries w^alking very 
small circles, while those with very slight asjonmetry should 
walk very large circles, and those with no asymmetry should 
walk practically straight lines. And, again, the size of the 
spiral turns should remain fairly constant for the same indi¬ 
vidual. As against these theoretical expectations, the ex¬ 
periments show that there is indeed considerable variation 
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in the size of the spiral turns among different individuals, 
but the variation is not regular for the particular individuals; 
that is, the spiral turns vary in size considerably in the paths 
of any given individual, the first few turns being frequently 
several times the diameter of the later turns. None of the 
thirty-four subjects tested has been able to swim or walk 
a reasonably straight path, except a very short one. 

2 . How could asymmetry of the bones and muscles between 
the two sides of the body explain the spiral paths of an auto¬ 
mobile run by a blindfolded driver? Certainly, no asym¬ 
metry below the shoulders could account for the spiral path. 
And even if it is assumed that the muscular asymmetry be¬ 
tween the arms is effective, how would one explain the fact 
that some paths are left and others are right, while all the 
recorded paths were driven by right-handed persons? The 
automobile paths made by calling the directions to the driver 
seem quite impossible to explain on the asymmetry hypothesis, 
seeing that they are in all essential particulars similar to 
walking and swimming paths. 

3. If asymmetry is at the bottom of spiral movement, one 
would expect that a change of swimming stroke would show 
a change in the curvature of the path, yet this does not always 
happen. It seldom happens, in fact, unless the change is from 
a smooth to an awkward stroke, and in these cases the 
change in the curvature of the path is often only slight or 
delayed for a considerable time after the change in stroke 
was made. 

4. Perhaps the strongest simple evidence against the asym¬ 
metry hypothesis consists of those experiments in which for¬ 
ward and backward walking straightaway were alternated 
regularly. Undoubtedly, this test should remove extraneous 
influences because of the frequent changes of direction and 
allow asymmetries to express themselves functionally. But 
some of these paths are as regularly spiral as any that are 
walked continually forward. But in one or two of these 
curves there are sinusoid handles which may possibly repre¬ 
sent some asymmetry, for the forward sections veered to 
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the rijcht while the backward veered to the left, in path Z56*, 
for three forward and tliree backward sections. The third 
backward section was nearly straight, indicating an almost 
complete mastery of the right spiraling mechanism, which 
won complete mastery in the following forward section and 
then maintained it to tlie end of the path. In view of the 
marked difference in curvature between the forward and the 
backward sections in the beginning of the path an(i the smooth¬ 
ness of the s})iral turns in the latter section of the path, 
where the forward and backward sections are harmonized into 
a curve indistinguishabh^ in smootliness of arc from a for¬ 
ward i)ath, one can get a very good idea of the power which 
tlje si)iraling mcK*hanism exerts in bending the neuro-muscular 
mechanism to its will. 

5 . Tlie com])aralive straightening out of later sections of 
tlie path, due to walking circles ])y design in the first part of 
the })ath, cannot, (»f course, be i*egulated by a rigid mechanism 
such as is subsumed under the asymmetry hypothesis. Not 
only is the path straightened out, but in a few cases a reverse 
circular turn is made, and tliese revers(‘d turns may be in a 
direction opposite to the syiiral turns usually made by the 
particular individual when walking a straightaway blind¬ 
folded. 

G. Finally, there is the interesting fact that there is no 
definite correlation between the known asymmetry of left- 
handedness or right-handedness and the preponderant direc¬ 
tion of the spiral turns. In the first ydace, many of the right- 
handed subjects Avalked or swam or drove an automobile in 
spirals in some experiments to the right and in others to the 
left. In the second place, only left turns are on record for 
some of the right-handed persons. Third, of the three left- 
Jianded persons, two walked right-hand turns in one experi¬ 
ment and left-hand turns in another, and the other walked all 
right spirals in all the straightaway experiments. 
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What is known about structural asymmetry? 

The best’kiiown asymmetry in man is undoubtedly the 
greater strength of the right arm as compared with the left 
in the gi'cat majority of persons. This asjTnm^try in the 
use of the arms is, of course, directly dependent on the greater 
development of the muscles, but the discovery of this correla¬ 
tion was probably made much later. So far as llie records 
go, right-handedness (or left-handedness) was noted very 
early. Perhaps the earliest record which seems to give some 
idea of the dominance of right-handedness is the case of the 
700 Benjamite soldiers who were picked out from among 
26,700 soldiers ‘for their superior skilP (The Bible, Judges, 
iii, 15; xx, 15, 16). This seems to indicate that there were 
at least 2.6 per cent left-handed among the soldiers. Hasse 
and J)chner (’93) found 1.14 per cent left-handed soldiers in 
a total of 5141. No ambhlextrous individuals are reported. 

But the first actual measurements of structural asymmetry 
were made many centuries after the functional asymmetries 
were discovered and recorded. These first measurements 
were made by the anatomist F. Arnold in 1844. He found 
that the right humerus in fourteen out of sixteen skeletons 
was longer than the left; and the right forearm in twelve 
out of sixteen was longer than the left. On one case both 
arms were of the same length and in one case the left arm 
was longer. Arnold made another contribution. He directed 
attention to asymmetry in the legs where he found the right 
femur longer than the left in four out of the same sixteen 
skeletons; the left femur longer than the right in eight out 
of sixteen skeletons, and equality of length in four cases. 
He thus established the prevalence of what has since been 
called ‘crossed symmetry,’ that is, that left-footedness fre¬ 
quently goes with right-handedness. He also claimed to have 
found perfect equality in length in the bones of the right and 
left sides of the skeletons of twenty fetuses ranging from 
three to ten months. This idea held sway until the present 
time, when more precise means of measurement and more 
refined technique showed that asymmetries are present to 
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about the same extent in fetuses as in adults (Schultz, ’23, 
’26; Bartelmez and Evans, ’26). Following is a table by 
Schultz (’26), showing asymmetry in the length of the 
humerus and in the length of the foot. 

TABLE 2 


From SchnIlZf fihonnnp asymmetry m humerus and foot lenyth vn fetuses 

and adults 





jRiffht ffrmtfr 
than Iffl 

Pifjht-tefl 

Riffht lent 
than left 

A rerfi{/e 
per eeitf 
diyeretif’i 




Per rent 

Per rent 

Per rent 


Himieriis lengtli 

Fetal 

100 

r>2 

27 

21 

1.3 


Adult 

KM 

04 

24 


1..1 

Foot length 

Fiital 

100 


20 

47 

1.4 


Adult 

.lOO 

;u 

10 

.in 

1.1 


Weber (’49) concluded from his studies of asymmetry that 
the symmetry of body build stands in special relation to loco¬ 
motion (left-handedness, etc.). Manoiivrier (’82) measured 
tlie sk(4etons of six gorillas and found the right femur heavier 
in two cases, the left heavier in three cases, and no ditference 
between the right and left in one case (range 1 to 39 grams). 
(Jaup (’89) measured asymmetries of a similar kind in a 
large number of birds ainl mammals (jaguar, panther, ra(*- 
coon, etc.), but no systematic dilfenuice could be detected in 
the length of the bones of their extremities. 

Later on, careful measurements by Ouldberg (’96) on skele¬ 
tons and living men confirmed Arnold’s measurements. Guld- 
berg found the right arm predominant in about 75 per cent of 
the cases, the left in about 8 per cent, and equality in about 
15 })er cent, in both skeletal and living material. And in the 
legs, right predominatcHl in about 23 per cent, left in 51 per 
cent, and equality in 26 per cent. Hasse and Dehner (’93) 
measured a much larger number of men (5141 soldiers) and 
reported the right arm longer in 75 jier cent, the left in 
9 per cent, and equality in 16 per cent. They found the left 
leg longer in 52 per cent, the right in 16 per cent, and equality 
in 32 per cent. These authors also made dynamometer tests 
on 190 recruits, finding the right arm stronger in 72 per cent, 
the left in 18.4 per cent, and equality in 8.4 per cent. In 
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another set of tweiity-oiie men the percentages were, re¬ 
spectively, 80, 10, and 10, and the right leg was stronger in 
38 per cent, the left in 52.4 per cent, and equality in 9.5 per 
cent. 

No studies showing correlation between length of bones and 
strength in arms and legs seem to have been made. One can 
therefore only use statistical averages of the various measure¬ 
ments, which may, however, be presumed to show approxi¬ 
mately the actual correlation still remaining to be directly 
measured. The general results of the measurements of recent 
date indicates that from 1 to 2 per cent are left-handed and 
about 98 per cent right-hande<l, while the left arm is long(*r 
in 9 per cent and the right in 75 per cent. That is, the left- 
handed group is much smaller than would be expected from 
structural measurements. It seems that all the persons hav¬ 
ing arms of equal length and 80 per cent of those having the 
left arms longer have in some way become merged with the 
‘right-handed’ group. It is quite probable that much of this 
transfer is due to early training in school and at home. 
Right-handedness is the mode and many mildly left-handed 
children undoubtedly become transformed into ‘right-handed’ 
ones through training. 

Curiously enough, we have almost no data on right-footed- 
ness and left-footedness. No respectable scientific reason 
can be assigned for this absurd neglect, seeing that the arms 
have received so much attention. Prom such meager data 
as we do have, it seems that the amount of functional left- 
footedness corresponds approximately with structural left- 
footedness. That is, in over 5000 men the .left leg was found 
to be longer in 52 per cent and in 21 recruits the left leg was 
found stronger in 52.4 per cent. There is therefore a ‘crossed 
symmetry,’ both structurally and functionally, in the majority 
of cases; but here again the condition on an individual basis 
is not known, except in a very small number of cases. It 
can nevertheless be concluded that there must exist an actual 
correlation between strength and length of legs and arms, 
but of what value this correlation is, still remains to be de¬ 
termined. 
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Prom still another point of view, it is diffienlt to see how 
the existence of crossed-symmetry should he so consistently 
overlooked, for the common vertebrates, horses, cows, dogs, 
etc., show highly developed crossed fniiclional symmetry in 
the legs when walking and miming. That is, the front right 
leg and the hind left leg are moved together and alternately 
with the other two h^gs. In pacing we have, of course, an 
exception: is the symmetry lateral here? The same is true of 
monkeys in climbing \\\) the sides of tlu‘ cage and of creeping 
t)abies. This phenomenon is so widespread and ayipears so 
early in the life of the individual vertebrate that it seems 
there must be a morphological basis for it. It is astonishing 
that so far as 1 have been able to find, this jdienomenon has 
been wholly overlookinl or ignored in discussions of h‘ft- 
handedn(»ss or riaht-ha!Hl(‘dness. 

With resjiect to the ]>resent study of spiral movement, asym¬ 
metry of arms, whether structural or functional, has probably 
little to do directly, exc(‘i)t in swimming. But asymmetry 
in the h^gs would naturally call for careful examination. 
Taking the dynamometer results above quoted, it is seen at 
once, as IIass(‘ and Dehner pointed out, that asymnudry, both 
structurally and functionally in the aims is independent of 
asymmetry in the legs. It is curious, therefore, that Remaley 
(’18) should have come to the conclusion that “left-handed¬ 
ness may be attributinl to abnormal development of the right 
cerebral hemisphere” (Just what does Mevelopment^ mean?), 
for left-handedness may be associated with right-footedness 
in 40 xier cent of the cases and with left-footedness in 00 per 
cent. 

Guldberg (’90, ’97), like Weber, thought that symmetry 
in locomotion depended upon symmetry of the body. He 
(’97) measured twenty skeletons of various races with results 
similar to those recorded above. But, in addition, he weighed 
the muscles of the legs of three young dogs, which he had 
observ€>d to swim in circles after blindfolding. One of the 
dogs was two months old, the other two were four months 
old. They swam in circles from 2 to 5 meters in diameter 
(tables).* 
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Tliese observations wore thought to boar directly on the 
underlying cause of spiral movement, and, so far as they 
go, these three cases show a correlation between asymmetrical 
musculature and direction of turning. The correlation in the 
second dog is somewhat doubtful. To assume, however, that 
swimming in right circles is due to heavier muscles on the 
left side is hardly justifiable on the l)asis of three observa¬ 
tions wlien unsupported by any other data. In the first place, 
it is not recorded how many circles were made in swimming 
nor whether sufficient time was allowed to cliaiige direction, 
as often happens in men and in mice (Dunkelberger, *26). 

TABLE 3 

From (ruhiherf/, shoivtnff comparative weights of muscles of the right ami left 
legs of three young dogs 

I MUBCLKS OF FOKF l.EO , MTSOOKH OF HINT) l.KO 


j Wt’HcUt Preponderance ! Par cent Weight I Preponderance Per cent 
{ (tram-H '' <}ra>M^ 


2*ra()iithH flog 
swam left circles 

20 

Left, 0.1 

.05 

210 

Left, 1.68 

.8 

4'nionths dog (a) 
swam right circles 

;i30 

1 

, Right, 2.68 , 

.8 

.')40 

, Left, .27 

i .05 

4-mOTiths dog(b) 
swam right circles 

376 

i Bight, 6.4 

1.7 

480 

Right, 7,2 

1.5 


Secondly, it is still open to question that muscles 1 or 2 
per cent heavier in the left leg, for example, are more effective 
in causing circular swimming than slightly longer right legs 
or slightly greater spread away from the sagittal plane of 
the right legs. Nor is it recorded whether the body of the 
dog was bent in the direction of the circular path. These 
criticisms can be urged against making general conclusions 
on spiral movement in dogs as arising out of muscular asym¬ 
metries such as Guldberg found, for the behavior of mice 
under similar experimental conditions goes against such 
generalizations, as Miss Dunkelberger’s large number of tests 
shows. And there seems to be no good reason for assuming 
that dogs and mice are fundamentally different in this respect. 
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With only one exception all of Diinkelberger’s mic(‘ swam 
both right and left spirals, with varying degrees of preponder¬ 
ance to the right or to the left, but yet not with that degree 
of exclusiveness which would seem to be expecte<l if the direc¬ 
tion of turning were directly correlated with muscular or 
other gross structural asymmetry, as Gnldberg suggested. 

These investigations on structural and functional asym¬ 
metry may ))e briefly brought together as follows, in so 
far as they bear on spiral movement: 95 to 99 per cent of 
j'andom groui:)s re})()rt themselves as right-handed, while 
dynamometer tests show apX)roximately 75 per cent to have 
stronger right arms and about 75 per cent have longer right 
arms. As to the l(‘gs, about 52 per cent have longer left legs 
and about the same percentage have stronger left legs. Right- 
haiKledness does not mean a stronger or a longer right arai; 
it may m(*an that in most cases, but in a considerable number 
it means that tht‘ right hand is trained to do a larger number 
of muscular acts requiring good coordination, such as writing, 
than the left. Slightly less than 25 per cent of all persons 
(*ould, presumably, be trained to use the left hand as well 
as the right or somewhat better, for those muscular acts 
which they ordinarily do with the right. Tt is greatly to be 
regretted that there are no data on right-footedness and left- 
footedness for the sake of comparison, to see whether or 
Jiot the proportion of functional right-footedness and left- 
footedness varies as much from the structural, as is the case, 
rautatis mutandis, with the arms. The leg-length asymmetry 
seems to vary about as much as the foot-length.** 

Now, taking the right-handedness proportions, the dyna¬ 
mometer results, and the length measurements, what correla¬ 
tion is there between any of these and the direction of spiral¬ 
ing in man? The length measurements show a considerable 
proportion of right and left arms or legs as equal (about 25 
per cent). According to the asymmetry hypothesis, persons 

“ These structural mcasuremeuta and dynamometer tests, it seems, should be 
taken into consideration in the genetieal treatment of the inheritance of ri/srht' 
handedness rather than to rely on the popular notion of ^right-handedness’ and 
Meft-handedness, ’ which is a wholly different thing. 
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with symmetrical leiif^tli of le^s (other things being equal) 
should walk a fairly straight path. No person, however, has 
so far been found to walk any but a spiral path of a greater 
or less number of turns. Again, there should be a preponder¬ 
ance in walking, of turning to the right because of stronger 
left legs in about 52 per cent of all persons. No such pre¬ 
ponderance is actually found. Out of 20 persons, 8 preponder¬ 
ated in turning to the left, and in swimming, 8 out of 12 
swam to the left. The swimming ratio approaches somewhat 
to the ratio of length and strength asymmetry in the arms, 
if it is assumed that the legs play little part in directing a 
blindfolded swimmer. This rough correlation between the 
percentage of persons with longer right arms and the number 
swimming to the left as recorded in these experiments, is 
the only correlation detectable on the basis of known asym¬ 
metry, and it is a surface correlation only. For, since 5 of 
these swimmers who predominantly swam to the left also 
swam one or more times to the right, it must be assumed that 
there is another mechanism present that is at least a( times, 
more effective than the assumed permanent structural asym¬ 
metry under discussion. From present knowledge, therefore, 
the asymmetry hypothesis fails to explain left-hand pre¬ 
ponderance in swimming as it fails in explaining spiral move¬ 
ment in all other cases in which it has been held to apply. 

Before leaving this subject of asymmetry, it may be well 
to call attention to the ridiculously perfect symmetry of 
function and structure in all other parts of the logs and arms 
and body which the asymmetry hypothesis tacitly assumes 
exists apart from the particular structure, for example, the 
femur, which may be under discussion. A femur longer by 
5 mm. may make a leg more ‘efficient' for walking purposes, 
but this advantage may be offset or reinforced by many other 
asymmetries, such as a longer or shorter foot, longer or 
shorter calcaneum, variation in the position of the hip-joint, 
in the insertion of various muscles, in their innervation, etc. 
With asymmetries known to occur in a great many of the sym¬ 
metrically jilaced structures, it would, on the face of it, seem 
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ox(*eediiigly improbable that any single asymmetry would ex¬ 
plain the behavior in si)iral movement. Only the demonstra¬ 
tion of a very high degree of correlation between the occur¬ 
rence of asymmetry and a sp(‘cial feature of spiral movement 
would entitle the asymmetry liypothesis to serious considera¬ 
tion. No correlation of this kind has so far been shown to 
exist. 

The amownt of funefional a^^ymmeirif necessarif to produce 
spiral woremefit 

It is obvious that a person’s muscular mechanism must 
function asymmetrically in order to walk around in cir(*les 
and in spirals. It is extremely difficult to get direct quanti¬ 
tative data on the amount of asymmetry of function, for 
walking and swimming are v(*ry complex acts and there is 
considerable variation in the length and swerve of the steps 
in walking bliiulfolded, although the total result often is a 
series of regular spiral turns. That is to say, the directing 
mechanism averages ofT the deviations caused by slight un¬ 
evenness of the ground, etc., instead of following u]) such 
deviations as a macliine miglit do. The legs do not walk 
the man: the man walks the legs. 

There seem to be only two ways in which the legs can act 
in order to walk around a circle; one is by taking shorter 
steps with one leg with the feet kept well apart, and the other 
is by swinging the legs, or one of them, to the same side 
instead of straight ahead. The latter kind of walk will })ro- 
duce a circle if the steps of both legs are equal, only if both 
feet walk on a line corresponding with the circumference of a 
circle. From actual observation of short stretches of path 
the steps are seen to be of uneven length, of varying amounts 
of swerve and of varying distances, laterally, between the 
feet. The average amount of swerve or of longer steps on the 
outside of a circle or turn of a spiral can be computed, how¬ 
ever, from measured paths, if certain assumptions are made. 
These assumptions are that the spiral turns are due to a 
definite extent of either swerve or longer steps with one leg. 
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while a definite distance between the tracks made 

by the two feet. 

Now, assuming that in walking a circle of 30.7 meters’ 
diameter the curvature of the path is due to swerve alone, 
then each step of 760 mm. must swerve on the average 20 mm. 
That is, in walking a left circle, each foot must hit the ground 
20 mm. to tlie left of straight ahead. To walk a 61.4-meter 
circle the swerve is only 9 mm. to each foot. For a 6,3-meter 
circle (C5) the swerve is 90 mm. but if the curvature of the 
path is due to longer steps with the leg on the inside, toward 
the center of the circle, then for a 60.4-meter circle the steps 
would have to be longer on the outside by 2.5 mm., if the feet 
from center to center are 10 cm. apart. For a 30.7-meter 
circle the steps would have to be longer by 5 mm., and 
for a 6.3-meter circle, 13 mm. 

The process of taking longer steps and of swerving to the 
side are separated here merely for the purpose of analyzing 
the only, or a< least the important, factors concerned, and of 
examining them in the light of actual observations. 

In walking circles by design, blindfolded, the walker is 
not able to keep on the track with any degree of accuracy if 
the diameter is more than about 30 'meters. Twice this 
diameter is enough to throw everyone off the first or second 
time around, (hrcles smaller than 30 meters are usually 
easily reproduced more or less well in the path. And the 
spiral turns in straight-aways, as has been shown, vary from 
about 5 meters to about 30 meters. Are these turns due to 
taking regularly longer steps with the outside leg or are they 
due to lateral swerving of the legs or body? 

This question is important, but it is very difficult to get 
accurate data on the character of the steps in an actual path 
for lack of facilities and recording apparatus. But much 
of the difficulty can be disposed of in another way. The exact 
point at issue is: (''an the presence of a mechanism be demon¬ 
strated in the body which enables a blindfolded person to 
increase the length of his stejjs regularly with one of his legs 
by 5 mm. to 12 mm., such as is presumed by the asymmetry 
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hypothesis operates in walking circles? To test this in a 
preliminary way, six persons were asked to walk short 
stretches in a long hallway at an easy gait. The soles of 
the shoes were dusted with chalk to record the ste})s ac¬ 
curately. The steps were then measured carefully, both as 
ordinary steps and as Roman paces (the distance between 
two successive footprints of the same foot). It may be said 
parenthetically that the Roman pacci expresses a true physio¬ 
logical concept in locomotion and is preferable in scientific 
investigations in walking to the ‘step’ which introduces a 
variable, since the step is approximately one-half of a Roman 
pace, bisected by the foot on the opx)osite side. The results 
of the measurements showed that there is a comyiaratively 
large amount of irregularity in the length of stex)s ranging 
from 3 mm. to 50 mm. in ordinary stex)s. This is under the 
most favorable conditions, that is, on a level floor and with 
the eyes open. Out in the fi(‘ld, blindfolded, the variation is 
much greater, due to the uneven surface, as can readily be 
o])served. 

It should also be mentioned in this connection that actual 
swerving of the body is often observed when blindfolded 
persons walk in small circles, but the exact amount cannot, 
of course, be stated, for there are no instruments available 
to measure it. But there can be little question of the much 
greater im}iortance of swerve of the l)ody giving swerve to 
the legs in walking circles as compared with asymmetrical 
length of stex)s and the jiresence of the ability of much finer 
(linear quantitative) discrimination in the swerving mechan¬ 
ism than in the ste}i-lengthening mechanism. The great ir¬ 
regularity which is prevalent in the length of the steps there¬ 
fore precludes the explanation that walking around in circles 
or spirals is due consciously or unconsciously to changing 
the lengths of the steps of one leg. 

The significance of the drift of the spiral turns 

It is observed in the paths presented in the preceding sec¬ 
tion on experimental results that, whenever there were a 



3()4 A. A. SCHAEFFKR 

number of regular turns in a path, these turns nearly always 
drifted in the same direction as if they were turns of a 
helical spiral projected on a plane surface. The general 
direction of this drift is away from the starting-point, and 
in a majority of cases approximately at right angles to the 
handle of the path and in the same direction as the first 
spiral turn. That is, if the spiral turns went to the right, 
the drift of the spiral turns was to the right and generally 
perpendicular to the handle of the path. In only a few cases 
was the drift in a direction opposite to the curvature of the 
handle of the i)ath, and in only one case an automobile 

path) did the series of spiral turns turn back over the start¬ 
ing-point of the path. 

There must, therefore, be some significance in the direction 
of the drift of the spiral turns, which seems, typically, to be 
in a lateral direction with respect to the handle of the path, 
and in the same direction in wdiich the spiral turns are made. 
This condition is presumed to be typical because the largest 
number of spiral patlis fall in this class and a much larger 
number of spiral paths with a large number of spiral turns 
fall in this class than in any other. If the direction of the 
drift were a mere chance phenomenon,' the paths should, of 
course, distribute themselves more or less equally around the 
points of the compass. The other significant feature about 
the drift of the spiral turns is the uniformity with which they 
are spaced from each other in the larger series of turns. 
There may be variation, however, in the degree of such uni¬ 
formity, such as might be caused, for example, by a growing 
sense of fatigue, but under ordinary conditions the spacing 
in the longer series is remarkably uniform and indicates the 
operation of a definite factor or a definite phase of the spiral¬ 
ing mechanism. 

Just exactly how is the drift produced? So far as the 
graphic representation is concerned, the drift is produced by 
a rhythmic decrease of convexity at the completion of each 
spiral turn. That is, the line connecting any two spiral turns 
is less convex than the rest of the spiral turn (see especially 
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Z56’). When the amount of docreaso of convexity is uniform 
and recurs at each spiral turn at the same corresponding 
point in the periphery of the circle, the projection of a uni¬ 
form helical spiral is the result. This is of great interest since 
it means that the spiraling mechanism works rhythmically in 
the degree to which the body swerves and perhaps also to 
some extent in rate of movement. That the swerve is the 
principal if not the only cause is made clear, however, by 
the spiral automobile tracks, where the speed was not under 
the control of the person steering. In other tracks there was 
perceptible, however, a rhythmical difference in the speed of 
walking. In I{H7 the small spiral turns were walked with 
markedly greater spee<] than the straightened sections be¬ 
tween the turns. And some of Miss Dunkelberger’s mice 
tracks, some of which 1 observed M'hil(‘ they were being made, 
also consisted of small turns with longer straight stretches 
between, and here the mice also swam considerably faster 
around the spiral turns than in the straight stretches. But 
running paths, when compared with walking paths, show 
larger spiral turns in the running than in the walking paths. 
A rhytlimic burst of speed might therefore be expected to 
decrease the convexity of the path at the corresponding points. 
But in the mice tracks and in R87 and tracks made under simi¬ 
lar conditions just the opposite correlation is found. More¬ 
over, in the B87 type of track, the bursts of greater s])eed are 
not of conscious origin, while the running yiaths are, of course, 
consciously so performed. It seems clear, therefore, that the 
rhythmic bursts of speed in the mice tracks mentioned and in 
B87 are due to some factor directly bound up with the spiral¬ 
ing mechanism. 

In tracks of the type of Z56, which resemble the RS7 type 
in the matter of small spiral turns with comparatively flat 
curves connecting them, no greater speed was observed in 
walking the spiral turns than in the connecting stretches, 
but a slight or even a considerable increase of speed might 
have passed unnoticed, because of the alternation of forward 
and backward walking. 
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But oven if such an increase of speed should be found, it 
could hardly be as important as the swerve of the body, 
seeing that similar curves are made by an automobile where, 
as has been pointed out, variations in speed can hardly be 
considered as connected with the drift of the spiral turns, 
since the speed-controlling mechanism was not in the hands 
of the person steering. The spiraling mechanism seems, 
therefore, to have a rhythmical swerve comijonent which is 
the direct cause of spirality in human paths; without it the 
paths might be a series of superimposed circles, but they 
would not usually be spiral. 

One of the interesting things about the longer spiral paths 
is that they can be so well represented as projections of 
helical spirals on a plane surface. Take, for example, a 
regular helical spiral made of wire like a corkscrew, which 
makes spiral turns at an angle of 30° to the long axis. On 
looking along the long axis one sees a number of super¬ 
imposed circles—a condition which occasionally is seen in 
parts of paths walked or swum. Tlien, if one raises the eye 
a few degrees (from 2 to 5°), a typical closely wound helical 
spiral is seen, as, for example, in C5. If one lifts the eye 
still further and looks at a larger angle (6 to 10°), a loosely 
wound spiral is seen, as, for example, in Z56. A view of the 
spiral model from still larger angles gives spirals of the R87 
type and some of the mice spirals. Ijooking at the model 
from a still larger angle gives a line of the cycloid type, but 
no paths are known in any animal of this kind. But if one 
looks at a still larger angle, that is up to 90°, the line is a 
sinusoid, which is the typical path of the ameba on a plane 
surface. It is, of course, to be understood that, viewing a 
helical spiral from any given angle is the same as drawing a 
projection of the helical spiral on a plane surface from that 
angle. Or, in other words, a projection is the shadow on a 
plane surface of the spiral model by light striking it at any 
given angle. 

Now, the sinusoidal path of the ameba on a plane surface 
has been shown to represent actually a projection of a helical 



SPIRAL MOVEMENT IN MAN 


367 


spiral path on a piano surface?. There is every reason to 
believe that the path-directive mechanism in ameba functions 
for three-dimensional space, but that, because of physical 
limitations, the mechanism must confine its operations to two 
dimensions. But this does not destroy the operations of the 
mechanism; it continues to operate, ‘doing the best it can’ 
under the conditions, and the result is adeijuately descril)ed, 
so far as we can see now, as a projection of a helical spiral 
on a plane surface from an angle of 90"^. The question there¬ 
fore arises, (>an we safely use this method of handling the 
walking and other paths of man! Specifically, the (piestion 
is, Assuming that the path of man is the projection of a 
helical spiral on a plane surface, in what direction does the 
axis of the helical spiral lie! 

In the ameba the direction of the helical sj)iral axis is paral¬ 
lel with the surface on which it moves, that is, it coincides with 
the long axis of the tube in which the arneba moves spirally. 
And the helical axis is also parallel with the long axis of 
the sinusoidal path. This is plainly indicated by observa¬ 
tions, especially of amebas moving through glass tubes. 
Similar experiments in man, however, do not seem possible 
at present and the problem must be attacked indirectly. 

In the first place, the axis of the helical spiral in man 
seems to be at right angles or nearly so to the chosen direc¬ 
tion of walking, at least in those paths where a large number 
of spiral turns were made and where the handle was short and 
curving from the start. These paths are assumed to show 
the operation of the spiraling mechanism with least outside^ 
interference. If, in these cases, the walker immediately 
started on the helical spiral path in a way similar to that in 
which amebas and the ciliated organisms swim, then, in order 
that the axis of the helical spiral path may be at right angles 
or nearly so, the helical spiral must be closely \vound, as 
close as 70*^, with 90° as the limit. This is true only, how'ever, 
if it is assumed that the spiral axis is not bent regularly at 
the start of each path, which w^ould require postulating a new 
and additional factor. It is further certain that the helical 
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spiral is not projected on the ground from directly overhead, 
for that, as has been pointed out, would give a sinusoid, but 
it must be projected at an angle varying from about 2° to 
about 12°, and, of course, in the same direction in which the 
axis of the spiral was propagated. In those paths in which 
the spiral axis was directed to the same side of the chosen 
path toward which the first complete turn was made, the 
handle of the helical spiral is supposed to lie on the ground, 
for the purpose of visualizing the projected path. Those 
spirals in which tlie spiral axis is propagated in a direction 
opposite to that in which the first complete turn was made, 
may be projected in the same way as the preceding by rotating 
the lielical spiral on its axis about 180°, thus bringing the 
handle up into the air. Or one can visualize the two different 
kinds of paths by thinking of the former as projected against 
an up-hill plane and the latter as projected against a down¬ 
hill plane, from a horizontal plane in each ease. 

By varying the amount of rotation of the lielical spiral on 
its long axis, projections within the angular range given above 
will give paths corresponding to all those observed. This 
degree of uniformity of fit of typical helical spiral projections 
to the observed paths when confined to the angular range 
stated seems to indicate that the helical sjiiral mechanism in 
man operates with closer turns than that of the ameba, re¬ 
sembling that of some of the ciliates (Bullington, ’26) and 
paramecia and euglena when the temperature is lowered. In 
the latter case the spirals become more and more closely 
wound as the temperature is decreased (Schaeffer, ’20 a). 

The subjective element in spiral mM^ement 

In these experiments on spiral movement in man the subject 
was of course conscious of some of his movements, and there¬ 
fore the subjective element has to be taken into account in 
analyzing the data. The subject, moreover, in every case 
deliberately determined to w^alk a path of definite shape, either 
straightaway, circular, a square circumscribed about a circle, 
a figure-S, or a combination of two of these. It has been 
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found impossible so far to devise an experiment which shuts 
out consciousness as a directive force completely, although 
counting by three’s as rapidly as possible does this at times, 
but with no perceptible elfect on the spirals except perhaps 
to decrease the size of the spiral turns. It is a striking fact, 
therefore, that, in spite of the necessary inclusion of this 
conscious directive element, no subject ever walked a path 
as directed by consciousness, and consciousness was never 
aware in any case of tlie nature of the path that was actually 
walked, swum, or driven. Consciousness seems wholly in¬ 
capable of getting a direct report from the sjiiraling mechan¬ 
ism. The question therefore arises in how far consciousness 
influences the shape of the path. Is there evidence that it 
has any influence at all? 

1 . The jiaths are smoother in curvature when the attention 
is kept off the walking as much as possible by counting the 
s<eps and otherwise occupying the mind. Those persons who 
(»asily concentrate the mind on any subject before them and 
hold the attention on it, walk smootlier spirals and fall into 
a spiral path more quickly than others. An increasing degree 
of smoothness is also noticed in the successive paths made 
])y any particular subject; as the subject gains confidence the 
paths become smoother. 

2 . The straight handle to the paths where a straightaway is 
attempted seems to be due to the predominant activity of 
consciousness as contrasted wth the activity of the spiraling 
mechanism. That is, the discrimination in the muscle sense 
or in the labyrinth is more acute at the start than later. 
Persons who concentrate on something other than the actual 
walking or swimming process, have shorter straight handles 
to their straightaway paths (excepting the heterotropic 
starts), and in a few cases none at all. That the conscious 
attempt to walk a definite path competes with the spiraling 
mechanism in directing the path and that the resultant path 
depends upon the degree of acuteness of discrimination of 
muscle sense involving the locomotor musculature, is best 
illustrated in those experiments where the attempt was made 
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to walk around circles of 31 meters’ diameter. In these ex¬ 
periments where the reports from subjects were that they 
felt that they ‘might be going off at a tangent,’ the actual 
circles walked were considerably smaller than the marked-off 
circle of 31 meters. Where the opposite tendency was felt 
and reported, the path was circular at first, but of larger 
diameter, and almost at once became open with considerable 
stretches almost straight. It will be recalled that the maxi¬ 
mum size circle that can be walked is about 40 meters in 
<iiameter, the mind being unable to discriminate between the 
muscle sense or labyrinth reports arising from walking along 
the periphery of a 40-meter circle and walking a straightaway. 
The degree of fatigue of these sense organs, whatever they 
are, is measured by the difference in the swerve required to 
walk a 40-meter circle and that required to walk any circh* 
actually walked when attempting to walk a straightaway. 

The experiments in which the narcotic drug was employed 
had very much smaller spiral turns than the normal paths, 
which was very probably brought about by decreased dis¬ 
crimination in the labyrinth or in the muscle sense or both. 

3. Several experiments are recorded in which the subject, 
after having begun to walk in a spiral while attempting to 
walk a straightaway, stopped for ten seconds or more and 
then, on continuing his walk, proceeded along the curved 
path he was making at the time. In a few cases the blind¬ 
fold was removed, a brief observation made, and then read¬ 
justed. When walking was resumed, the path was curved 
like the preceding section, but of somewhat larger arc. The 
effect of the spiraling mechanism held over in tliese cases, 
there being not sufficient time to establish that degree of 
sensory discrimination usually present at the beginning of 
an experiment. 

4. The reports of subjects concerning the direction they 
walked, whether to the right or to the left, are unreliable, 
being as often wrong as right. A sample case is the follow¬ 
ing: “I felt 1 was driving (automobile) too far to the left, 
so turned the wheel and kept on turning it slightly to the 
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right to correct for it when T suddenly found I had turned 
the wlieel as far as it would go and was actually trying to 
make it go still farther to the left.” The subject was actually 
going in small circles to the left for some time. Two sub¬ 
jects, swimming, reported that they felt they were going in 
circles and seemed to be in the ‘grip’ of something that made 
it easier for them to continue going that way tluiii going 
straight. 

5. The spiraling mechanism can make any turns whatever 
in the patli, even reversing the direction of turning from 
right to left or vice V(‘rsa, without the subject being aware 
of it, so long as the turns are not so short as to permit of 
discrimination by the muscle sense or the end organ of the 
eighth nerve. The spiraling mechanism is therefore con¬ 
tinually leading the subject around in two-dimensional space 
wJien consciousiK'Ss ‘thinks’ the subject is going in only one 
direction. Or, iji certain conditions, such as walking around 
marked-olf circles the subject may actually be walking in 
one dimension when consciousness is ‘aware’ of going in 
two. Or the subject may be making a left turn when con¬ 
sciousness is reporting a right turn. 

When walking straightaway the spiraling mechanism tends 
to make the circular turns as small as yiossible, which is about 
7 meters in a few paths wiiere a considerable number of 
spiral turns were made. In swimming it may be less, o 
meters, even as small as 2 meters. How small would the 
spiraling mechanism make the turns if consciousness per¬ 
mitted? (^ould the spiraling mechanism operate apart from 
the subject’s consciousness of wanting to move on! i\nd 
this raises the question for other spiraling organisms: Is a 
Paramecium conscious of wanting to swim straightaway, or 
a sperm cell, or the male pronucleus as it makes its way 
through the cytoplasm of the egg toward the female pro¬ 
nucleus? No experiment has yet been devised which would 
help to answer this question for man. 

6 . Since the subject is not aware that he is walking any 
but a straight path while walking a straightaway, it follows. 
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of course, that the spiraling and reversal of direction of 
turning are the result of the operation of the spiraling mech¬ 
anism, except in so far as it naay be limited in its operation 
by the limits imposed by the muscle or equilibrating sense 
as reported in consciousness, which, so far as we know now, 
acts only in preventing too small a diameter of spiral turns. 
The gradually decreasing size of the spiral turns noticed in 
most of the straightaway walking paths is probably due to a 
gradual decrease in acuteness of discrimination of the sense 
organs of direction. This is also probably true for swimming 
paths. In the automobile paths the spiral turns are seen 
to be kept from getting smaller probably because of sensations 
received from the endolymph of the semicircular canals. It 
has been noted that smaller spii’al turns would have been made 
by several of the subjects in driving automobiles if the steer¬ 
ing gear had permitted it. 

Now, as has been pointed out in the description of the 
experiments, the paths of the subjects are strikingly indi¬ 
vidual; they are as characteristic of the individual as any 
other activity. It follows, therefore, that the individual 
peculiarities of the paths are due either directly to the struc¬ 
ture of the spiral mechanism or to hnothcr mechanism, the 
general nervous or brain structure, through which the spiral 
mechanism expresses itself. 

7. An appreciable degree of physical fatigue after walking 
a considerable stretch resulted in smaller spiral turns in 
several experiments, which is what would be expected if 
decreased acuity in discrimination by the labyrinth or muscle 
sense permits of smaller turns. For it has been established 
that general physical fatigue reduces mental energy. But it 
is also possible that fatigue acts on the spiraling mechanism 
directly. 

The individuality of the paths 

1. One of the most striking results of the study of spiral 
movement in man is the individuality of the paths. This 
characteristic was not at first apparent. In fact, it really did 
not become convincing until a considerable number of paths 
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of four of five individuals, under various forms of locomotion, 
were collected and analyzed. Moreover, short stretches of 
path are not sufficient. In the case of walking paths, for 
example, the paths should be at least 1500 steps long and 
j)referably longer. It would, indeed, be desirable to have 
paths two or three times as long, but this need was not fore¬ 
seen until very recently, and it is also something of a jdiysical 
hardship for the average subject to walk that far blindfolded, 

2. The individuality of the paths shown in this paper is 
best illustrated by the paths of M, W, Z, D, and F. A com¬ 
parison of Mo, MiO, Mil, Ml2, Ml6, MlO, M20, Mi4, and il/4,5 
reveal the following outstanding characteristics. Predomi¬ 
nant right spiral of gradually dec^reasing diameter followed 
by an increase in the diameter of the spiral turns; in sev(‘ral 
paths which were long enough to show it, a series of smaller 
spiral turns with a following series of larger turns. That is, 
M’s paths are a series of right spiral turns showing alternate 
decreases and increases in diameter w'ithout reversal of direc¬ 
tion. {Mis and Ml4 are left turns ending against obstacles, 
and Ml5 w^as walked wdieu one ear was temporarily deaf.) 

3. The outstanding characteristics of W’s paths, W29 to 
W35, are: A beginning series of small right or left spiral 
turns followed by a comparatively straight stretch. This is 
followed by another series of small spiral turns to the right. 
None of the paths are long enough to know in what direction 
the next series of spiral turns, if any, w^ould turn. It is 
worthy of note that reversal occurs only if the first turns 
are left. 

4. The paths of Z are characterized by a reversal of direc¬ 
tion in every case betw'een the series of spiral turns, as in Z55, 
Z57, and Z58. In Z59 there is also a reversal. It will bo 
noted that Zo5 is walking straightaway; Z57, steering an auto¬ 
mobile ; Z58, directing the steering of an automobile by call¬ 
ing the direction to the driver, and Z59, walking around a 
circle. 

5. The paths of D are characterized by a long series of 
spiral turns, either to the right or to the left, of gradually 
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decreasing* diameter, preceded l)y a long handle. Most of the 
paths show a near-balance bet'ween right and left turning. 

6. The paths of F, of which only three are shown, have only 
a very few spiral turns and long sections of slightly regular 
or irregular curved paths. All the regular spiral turns are to 
the left. 

7. Not only may the paths be arranged according to the indi¬ 
vidual who made them, but it is also possible to arrange the 
paths of all the individuals tested, in a series at one end of 
which are those paths with a very large number of spiral 
turns of gradually decreasing diameter, C5, D61, with no indi¬ 
cation of reversal; and at the other end the very open paths 
with very few spiral turns and frequent changes of direction, 
as in F71 and 166. In this series the paths of W come some¬ 
where near the middle, with M close to W, but on the side 
toward the spiraling end, and Z also close to W, but on the 
other side, toward the open paths. This arrangement is pos¬ 
sible only, however, if the paths of an individual are taken 
as a whole. For an individual occasionally walks a patli 
which is markedly ditferent from his other paths, for which 
a plausible explanation cannot always be found. An illustra¬ 
tion of such exception is 1J60, a path which belongs much 
farther toward the open-path end of the series than all his 
other paths. 

8. Now, it is a remarkable fact that there is a considerable 
degree of correlation between the type of temperament of a 
person and the character of the path that person makes. If 
one assumes that there are tw^o fundamental types with re¬ 
spect to the handling of ideas, namely, those who concentrate 
on a particular thought or idea for a long time, the ‘plodders,’ 
and those who change comparatively frequently from one idea 
or thought to another, the ‘temperamentals,’ then the plod¬ 
ders are found to make paths consisting of long and regular 
series of spiral turns with gradually decreasing diameter and 
without reversal of turn. The temperamentals, on the other 
hand, make the oj3en paths with few spiral turns, frequent 
reversals, and many nearly straight stretches. Much the 
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larger number of paths are, of course, made by intergrades 
between these two types. Tliis correlation is very diffiinilt 
to handle, owing to the lack of definite characterization of 
temperamental differences; but it is tpiite within the range of 
possibility that the further development of the relation b(»- 
tween temperamental differences of the type specified and 
the character of the path, may give results of a quantitative 
nature which will help in understanding temperament. It 
is particularly important to remember that the character of 
the path is, so far as we know, entirely free from conscious¬ 
ness, that it is independent of the operation of the locomotor 
musculature, and that it is due to as deep-seated a mechanism 
as one may hoyie to find in an organism. If, therefore, a rela¬ 
tion betwemi this well-insulated mechanism and such a ])hase 
of activity as temperament exists, then here is at least one 
method of studying certain phases of temperament in a quan¬ 
titative manner. It must be didermined, first of all, whether 
the correlation is general only or whether there is a point-for- 
point relationship between the curve and the general intel¬ 
lectual or emotional process. For example, do the reversals 
correspond directly or only as a type form, to changes from 
one idea or thought attitude or emotional state to another? 
This correlation between temperament and character of path 
indicates that the different mind attitudes which characterize 
temperament have a subconscious or more probably an uncon¬ 
scious origin, which may be as deep-seated as the spiraling 
mechanism itself, or perhaps a phase of its activity. 

The nature of the spiraling mechanism 

Location. The spiraling mechanism ‘center^ is not located 
in the locomotor organs, as the experiments with the automo¬ 
bile show clearly enough without bringing forward any other 
evidence. But the mechanism controls the motor system in 
a remarkably well-coordinated manner. So far as man is con¬ 
cerned, the center of the mechanism is, of course, somewhere 
in the brain. Is it in the coordinating center controlling the 
definitive locomotor system! It may be, as some experiments 
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indicate, but evidently not according to others. In those ex¬ 
periments whore the directions for driving the automobile 
are called out to the driver by the blindfolded person sitting 
beside him, the mechanism apparently must reside either in 
Ihe cortex or in the sense organ (the semicircular canals?) 
which reported in the consciousness the deviation from the 
putative straight path toward the objective in which the auto¬ 
mobile was to travel. Or did the locomotor center or the 
locomotor mechanism as a whole act as a sense organ in this 
case? What seems certain is that the spiraling mechanism 
begins to operate and then, some time after, the deviation in 
the path is reported in consciousness through some sense 
organ; but the spiraling mechanism is not necessarily in that 
sense organ nor directly connected with it. 

In the lower animals, such as the unicellulars, the spiraling 
mechanism is located in a single cell, and in the higher ani¬ 
mals it may function also in a single cell, the spermatozoa 
(Schaeffer, ’20); and it operates in a fraction of a cell, as 
in part of a ciliate (Jennings). It also operates perfectly in 
the excised tips of tentacles from the brood pouch of the 
jellyfish Aurelia, which swim in the same direction as the 
sperm cells and the ciliated larvae from this animal. It is 
possible, therefore, that the effective spiraling mechanism 
may at any given time be located in a single cell in the human 
brain; for any mass of protoplasm which moves coordinately 
whether it consists of a part of a cell, a whole cell, a piece of 
an animal, or a whole animal, moves spirally. The conclusion 
seems inescapable that any cell or cells in the brain which act 
as a coordinating locomotor center will act on the motorium 
in such a way as to move the animal in a spiral path. 

In this connection it may be permissible to digress for the 
length of a paragraph in order to point out the relation of 
some of this discussion to the concept of the unity of the 
orgamsm. In most organisms a large part of the body is 
concerned in locomotion, and in coordinated movement this 
is always in a spiral path. Now, when one compares the very 
different ways in which different muscles are employed in the 
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various swimming strokes, walking forward or backward or 
both alternating, and steering an automobile, and notices that 
the paths in all cases are spiral and nearly, if not quite, all of 
a typical individual pattern, one must be considering a unify¬ 
ing mechanism of very thoroughgoing eflScieucy. It is par¬ 
ticularly interesting that parts of organisms (jellyfish) sup¬ 
plied with motor organs, but incapable of reproduction or 
other fundamental biological processes, should also move 
spirally, and, so far as the experiments have gone, turn in 
the same direction as the whole organism. The unity of the 
organism is thus exhibited from a new angle and involving 
details not touched by other activities. 

Relation of right-handedness and left-handedness to the 
spiraling mechanism. It has already been pointed out that 
right-handedness is almost as fretpiently associated with lefl- 
footedncss as with right-footedness, that there are varying 
degrees of right-handedness, and that right-handedness is an 
ambiguous term, being used by some to indicate a morphologi¬ 
cal difference (a longer or a heavier arm) and by others as 
being stronger, more ‘clev’cr.’ As it happens, three of the 
subjects are classed as left-handed, physiologically, and these 
walked paths corresponding, in their spiral turns, to the ma¬ 
jority walked by the physiologically right-handed. There is 
thus no definite relationship, if there is any whatever, between 
right-handedness or left-handedness and the dominant way in 
which the individual turns in M'alking blindfolded. The spiral¬ 
ing mechanism is more deep seated and is demonstrably 
present in more of the protoplasm of the body than is right- 
handedness or left-handedness.'** 

”In a recent communication from Dr. Eugene Penard, celebrated student of 
the Protoaoa, he cites some experiences of his that bear directly on this point. He 
is rlght’handed and left-footed. '^When fishing for rhizopods in Lake Geneva 
I have been caught half a dozen times in dense fogs and generally^ when deprived 
of a compass^ found myself, after an hour’s rowing, just at the place I had left; 
but curiously enough, the circle I was going in, was always to the right. On 
the other hand I was caught in fogs in the mountains at least three times and 
yet the result was the same, a right-hand circle.” 
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It has been pointed out that there are frequent reversals 
from right turning to left turning and vice versa, in the paths, 
although the full significance of this phenomenon is not clear, 
owing to the lack of paths much longer than the longest I 
now have. But taking these records as they are, the total 
number of right turns is nearly the same as the left turns, 
although in the walking paths alone the number of right turns 
is nearly twice that of the left turns. A similar result was 
found by Dunkelberger in her observations on mice. Of the 
2502 spiral turns which she recorded from 25 young mice, 
1276 are to the right and 1236 to the left. Fourteen mice pre¬ 
dominated in right turning and 11 in left turning. Of 12 noddy 
and sooty blindfolded terns let fly from Loggerhead Key 
Lighthouse, at Tortugas, Florida, 10 strongly predominated 
in making right turns and 2 in making left turns (SchaeflFer, 
’27). But amebas (Eugipes bilzi), moving around glass rods 
or in tubes, move more frequently to the left than to the right 
in tlie proportion of about 2.1 to 1. Man, mice, terns, and 
amebas are the only animals so far known to reverse fre¬ 
quently from right to left and vice versa when spiraling. 
Oscillatorias and Spirillum reverse frequently the direction 
of progression along the spiral axis, tliat is, forward to back¬ 
ward and vice versa, but not the direction of spiral turning. 
The Atlantic palolo worm also reverses the direction of axial 
progression, but only once during its lifetime. As a ciliated 
larva it rotates to the left in a helical spiral, but the spiral 
turns get closer and closer together until, at six days ’Of age, 
no forward progression is made. The larva then sinks to the 
bottom and begins to crawl. When it begins to swim as a 
worm, the tail takes the lead and the worm turns in the same 
direction, to the left throughout its whole life, but the direc¬ 
tion of progression is changed. The zero point of change 
from forward to backw^ard swimming occurred, in fact, at 
the end of the first six days of life as a ciliated larva. 

In most organisms the direction of spiral turning is fixed, 
that is, a given species spirals either to the right or to the 
left in well-coordinated swimming, without reversing. Thus 
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Bnlliiigtoii (’26) examined 164 speei(?s of ciliateH, of wliieli 302 
species always spiral to the left and 62 always to the ri«:ht. 
And Prof. Frazier (/ochrane (unpublished) studied 102 species 
of rotifers, of which 92 always turn to the ri^ht and 10 always 
to the left. Miss Old (unymblished) studied 35 flagellates, 
mostly of the Euglenoidina, and reports all of them always 
turning to the right. No other groups have been studied 
extensively. It seems, therefore, that those organisms having 
no highly differentiated guiding senses (eyes, equilibrating 
organs) which ordinarily rotate on their long axes, move in 
spirals with fixed direction of turn; while the others which 
ordinarily do not rotate on their long axis frequently reverse 
their direction of spiral turning. What is the significance 
of this? 

Reversal of direction of synral turning may occur without 
reversal of direction of progression in man and in the ameba; 
and reversal of direction of progression may occur without 
r(*versal of direction of spiral turning, as in the palolo. Those 
animals which possess a dorsoventral axis (morphological or 
})liysiological) and ordinarily move on a solid substratum, 
lliat is, in two dimensional space, or have good orienting 
senses, so far as the observations go, may frequently reverse 
the direction of spiral turn under experimental conditions. 
This holds true only for the stage of development of the ani¬ 
mal of which these conditions hold. If there is a free-swim¬ 
ming stage (ciliated larval), the direction of spiral turn is 
fixed for that stage. How does the spiraling mechanism be¬ 
come changed so that spiraling remains, but an occasional 
reversal in direction occurs? 

Relation between spiral sirucfiire and spiral movement. 
Spiral structures in animals and plants were known long 
before spiral movement was observed. The spirally twisted 
mollusc shells, vertebrate horns, and climbing vines were 
observed in earliest antiquity (compare spiral-shell orna¬ 
ments of the Magdalenians), while spiral movement became 
known scientifically only since the advent of the microscope. 
But the number of spiral structures in organisms is very 
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much larger than is perhaps commonly realized, and new 
spiral arrangements are constantly being discovered. A con¬ 
sideration of the connection between spiral structure and 
spiral movement narrows down to the microscopic forms, 
for no other groups have been studied from this point of 
view. In this field the most extensive observations were made 
by Bullington (’26), who examined especially the spiral struc¬ 
ture of ciliates to see whether the direction of the spiral oral 
groove in their bodies influenced their direction of spiral 
turning in swimming. Of the 164 species of ciliates studied, 
67 had distinct oral grooves which in every case turned to 
the right. Of the 67, 48 swim spirally to the left and 19 swim 
to the right. This shows that there is no apparent direct con¬ 
nection between spiral structure and spiral swimming in the 
ciliates. A similar lack of positive correlation is found in the 
flagellates. But in Spirillum and in the Oseillatorias, the di¬ 
rection of spiral twist of the filament is the same as the direc¬ 
tion of spiral movement. And in the rotifers the same cx)r- 
respondence is observed in those few species of rotifers which 
have a spirally twisted body. 

It will be noted, however, that, in the rotifers, Oseillatorias, 
and Spirillum, the entire body is twisted so as to become, as 
it were, a section of its spiral path, while in the ciliates and 
flagellates only a part of the body is spirally twisted, or only 
an organ, although this, like the oral groove of ciliates, is a 
large structure. It is easily observed also that the long slen¬ 
der soft-bodied ciliates, flatworms, etc., have their "bodies 
twisted into a spiral segment that corresponds roughly with 
a segment of the swimming path. That is, the long’axis of 
their bodies is tangent at a number of points at all times to the 
spiral swimming path. This is also true of stiff-bodied forms, 
but here the long body axis is tangent to the spiral path at 
only one point. This is an important considetation, since 
these organisms, like man and mice, can have neither their 
long axis (swimming) nor their axis of progression (man, 
walking) tangent to the assumed helical spiral path. 
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Now, it is a question whether the spiral bodies of the 
rotifers, Spirillum, and Oscillatorias are the result of spiral 
movement or whether spiral movement is caused by the spiral 
twist of the body. In the first place, there are many rotifers 
with straight bodies which swim exactly the same type of xnith 
as those with twisted bodies. The twist has not changed the 
general type of spiral swimming seen in the straight-bodied 
rotifers to any discoverable degree. But the twist of the 
body corresponds in direction and degree of curvature to the 
direction and curvature of the path. Moreover, the straight 
soft-bodied rotifers twist their bodies to follow the path after 
they start swimming, but of course straighten out again when 
through swimming. 

In Spirillum the angle of spiral of the body corresponds 
with the angle of the spiral path and is always in the same 
direction. In (Iscillatorias (Oscillatoria, Spirulina, Arthro- 
spira) the angle of spiral movement is about 30° from the 
long axis in the straight filaments and a single turn in the 
coil of the coiled filaments corresponds, in length, to the length 
required for one rotation in a straight filament of similar 
diameter. This seems to indicate that the straight filament is 
under some kind of spiral torsional tension which is relieved 
as the thread becomes coiled. The coiling is done in such a 
way that the direction of turning in movement remains the 
same as in the straight threads. That is, if a coiled Arthro- 
spira or Spirulina thread were uncoiled as one unrolls rope off 
a drum at right angles to the axis of the drum, and the thread 
retained the original character and power of movement, it 
would now move without rotating. But if the filament is 
uncoiled as one would slip off the rope over the end of the 
drum without letting the drum or the ends of the rope rotate, 
then the filament would move spirally at an angle of about 30°. 
If in the phylogenetic or ontogenetic process of coiling the 
straight filament with the usual spiral movement were rolled 
into a coil in the same way one wraps a piece of string or 
rope, which is in a left spiral, closely around a pencil, then, 
if the original character of movement were retained, the 
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coil would now rotate in the opposite direction, that is, to 
the right. These conditions are easily illustrated in the 
manner indicated, or better still by cutting a short piece of 
rubber tubing of 10 mm. bore into a spiral band 3 or 4 mm. 
wide and stretching out the spiral band. All the conditions 
observed in the Oscillatorias indicate that the coiling con¬ 
forms to the specifications of the spiral movement process in 
the straight filaments. It is worth noting, too, in this connec¬ 
tion that coiling in the regular manner in which it is observed 
in Arthrospira and Spirulina and in some Oscillatoria could 
not occur without a definite bilateral spiral asymmetry in the 
filament, and that the line of this asymmetry is parallel with 
(he direction of spiral movement in the straight filaments. 
It is conceivable, therefore, that there is a potential sym¬ 
metry (bilateral asymmetry) in the finer structure of the 
straight Oscillatoria thread. 

Bullington (’26) found a relatively high degree of corre¬ 
spondence in the direction of spiraling between the species 
of the various genera of ciliates, taking each genus by itself. 
Thus of the thirty-five genera containing two or more species, 
twenty-two genera had each all of its species spiral in the 
same direction, either right or left, and only thirteen genera 
in which one or more of the species spiraled in one direction 
and the other species in the other. The members of any one 
species, however, all spiral in the same direction. The spiral 
structures, however, in so far as they can be made out, turn 
to the right in all the ciliates except in the Peritricha, in which., 
with very few exceptions, the spiral structures turn to the left. 

Now, if one divides all the ciliates- into two groups: 
1) those in which only right-spiral structures appear and, 2) 
those which have left-spiraling structures, then, using 
Bullington’s data, there are 100 left-spiraling and 42 right- 
spiraling species in the first group—a ratio of 2.38 left-spiral¬ 
ing to 1 right-spiraling. And in the sec^ond group there are 
20 right-spiraling and 2 left-spiraling—a ratio of 10 to 1. In 
each group there is, therefore, a definite negative correlation 
between the direction of turn of spiral structure and that of 
spiral movement 
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A similar but more pronouiioed correlation exists amonp the 
flagellates. With only a very few exceptions, the spiral struc¬ 
tures in the flagellates turn to the left, and it is possible that 
some of the exceptions are due to errors of observation. Tin; 
spiral movements of some forty species of flagellates, belong¬ 
ing mostly to the Euglenoidina, have been studied carefully, 
and all these spiral always to the right. 

These represent the only groups of organisms possessing 
definite unpaired spiral structures in which spiral movement 
has also been studied, and in these three groups, as has been 
seen, the sjxiraling of the group is more or less in the direc¬ 
tion opposite to that in which the spiral structures turn. 

This comparison between the dirc'ction of spiral winding of 
structures on an animal ainl the direction of its spiral move¬ 
ment also shows how thoroughgoing is the direction of tht' 
structural spiral in a group, being more definitely character¬ 
istic of the group than almost any other structure. This is 
also marked among the gastropod molluscs; and in the 
twisting of mammalian horns, where, with exceedingly few 
exceptions, the wild goats and anteloj»es have the right spir¬ 
ally twisted horn on the left side of the head (heteronomons) 
and the oxen and sheep have it on the right side of the head 
(hononomous) (Wherry, ’02, British Medical Journ.). Then 
there is the large subject of leaf arrangement or phyllotaxy 
of the spermatophytes which engaged the attention of a large 
number of botanists in the past and more recently in the 
extended study by Church. In this field, where some of the 
most perfect examples of spirals exist, there is also a sur¬ 
prisingly high degree of conformity among the members of 
different groups. But spiral movement does not occur among 
the plants except among the flagellates, the zoospores and the 
motile gametes among the algae and aquatic fungi and the 
spermatozoids up to the cycads and the gingko among the 
gymnosperms. But almost no careful studies have been 
made of the spiral movements of these motile reproductive 
bodies from the point of view of the present paper. 
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Taking all these findings together, it is evident that the 
direction of turn of a spiral structure is very hard to change 
in the evolutionary process. It is much more readily sup¬ 
pressed than changed over to the other direction. In com¬ 
parison, the direction of spiral movement is somewhat more 
easily changed in the evolution of a group, but spiraling is 
never suppressed nor appreciatively reduced in effectiveness: 
it is either left or right. That there is a negative correlation 
between the direction of spiral and that of spiral movement 
indicates that the two phenomena are connected in some way, 
but how remains to be discovered. 

Sizes of spiral turns in various organisms. A comparison 
of the sizes of the spirals with the sizes of the animals shows 
that there is a direct general proportion between size of 
spiral and size of animal as is shown in the following table, 
all measurements being reduced to microns for the sake of 
ready comparison. 


TABLE 4 

Showing ratio n/ body length to length of spiral turn in various groups of animals 


NVMHICK OF 
SVB.TKCT8 OR 
SPECIEB 

KIND OF ANIKAL 

LENGTH OF SPINAL 
TURN IN BODY 
LENGTHS OF 
ANIM^AL 

' LENGTH OF ANIMAL 

! JN MtOBONS 

37 subjects 

Man, waUciug {C5) 

11 

j 1,771,580 


Mail, swimming {D56) 

5 to 8.5; 
smallest is 2 

1 

I 

j 1,771,580 


Man, automobile 

20 

, 3,362,000 

12 subjects 

Tern, flying 

41; smallest, 32 

228,591 

2 subjects 

Toad fish 

2.5 

176,394. 

2o subjects 

Mice 

8 (average); 
smallest is 4.5 

I 

44,448 

31 species 

Cilia tes 

4.41 

172 (average) 

102 species 

Rotifers 

4.85 

370 (PhUodina) 


Paramecium aurelia 

4.5 

300 


Coleps hirtus 

4,0 

66 


Euglena viridis 

5.0 

50 


Chilomonas paramecium 
Spirochaeta stenospira, 

4.0 

i 27 


1 spiral 

Ameba (Eugipes bilzi) 

5.0 to 6.5 

1.2 


plane surface 

5.0 to 8 

70 
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This table shows a representative list of animals on which 
quantitative observations have been made with respect to the 
number of body lengths per spiral turn. It is at once evident 
that the range in size of the animals is very much larger than 
the range in the number of body lengths per spiral turn. This 
ratio is, in fact, practically a constant for the lower forms, 
namely, about 4.5, when averaged for small taxonomic groups. 
It is also evident that the large number of body lengths per 
spiral for the terns is due to the speed with which they have 
to fly to keep up in the air. Speed likewise enlarged tlie 
spirals in which the automobile was used. The swimming 
and walking spirals selected represent the largest number of 
uniform spirals in any one experiment of either class. A few 
much smaller spirals are recorded in Les. In measuring the 
diameter of the walking and swimming spirals, it was arbi¬ 
trarily assumed that the length of the spiral turn equaled the 
circumference of the spiral turn. It is also to be noted that 
in this table the length of the animal is perhaps as fair a 
criterion as any to use for the purpose of comparison, but it 
evidently would not be satisfactory for very slender animals 
like worms or some sperm cells, for example. It is doubtful 
also whether the mass of the animal could be taken as a basis 
because of the great diflference in effectiveness, size, and dis¬ 
tribution of the motor organs. The fact that the long slender 
ciliates swim a smaller number of body lengths per spiral 
turn and at least some of the spherical a much larger number 
indicates that the product of length and one-half the sum of 
the long and short diameters would probably give a truer 
measure than length merely. But it is also true that slow 
swimming shortens the spiral turn, and the symmetrical dis¬ 
tribution of the cilia undoubtedly influences speed. It is, 
however, impossible at this time to introduce a correction for 
all these factors, especially the last two, for the observations 
are not nearly extensive enough. Length has therefore been 
used as the best single measure, and it gives a high degree of 
uniformity of body lengths per spiral turn when applied to 
the observations on ciliates, flagellates, and rotifers statisti¬ 
cally. 

;roimHAh or morphoi^ogy and pHYfiioi.oGY, voii. 45, no. l 
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Wlien one considers a group of organisms like the Oseilla* 
torias, the Spirochaets, Spirillum, and the motile filamentous 
sulphur bacteria, then the length of the organism is no longer 
of use as a measure of the amount of spiral rotation, for the 
length of most of these organisms is indeterminate. The 
diameters are practically uniform within the species and 
seem to vary no more than the length of ciliates varies. So 
this can he taken as a measure, but the results from using 
this measure cannot be compared directly with the other data 
from the ciliates, flagellates, and rotifers, for the average 
length of these animals is somewhat greater than their width, 
by perhaps 50 per cent or more. The great diversity of body 
form prevents arriving at a reliable ratio of length to width 
or to diameter. But it is possible in this group to measure 
with a fair degree of accuracy the angle at which the filament 
rotates on its long axis, and the angle at which the coiled 
filaments coil themselves up into spirals. Unfortunately, 
however, this exceedingly interesting group has been studied 
only very little from this point of view, but certain other 
observations have been recorded which are of great interest. 

Spirochaeta stenospira (Zuelzer, ’ll), which is included in 
the table above, is one of the most'narrowly wound spiro¬ 
chaets know^n. The filament has a diameter of 0.25 \i and the 
length of a spiral turn is 1.2 Mi along the straight axis with 
which the inside of the filament is in contact along its whole 
length. That is, the filament is wound around a line, as it 
were, leaving no space. The inside of the filament is there¬ 
fore wound at a zero angle of curvature, w^hile the outermost 
edge makes an angle of about 62° with the axis,, and the 
geometrical axis of the filament makes an angle of about 32° 
with the axis of the coil. The Oscillatorias which have been 
carefully observed in movement also rotate at an angle of 
about 30° or slightly greater, and all the careful observations 
agree in stating that the rotation is to the left. 

The observations on the small Spirochaet are of very great 
interest, because it is important to know in how small a mass 
of living matter the spiral mechanism can operate, and so 
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far as known this organism furnishes the best answer avail¬ 
able. A complete spiral turn is found in a helical spiral space 
0.25 M in diameter and 1.2 m long. The finer structure in the 
protoplasm must therefore turn 1^^ in 3.47 millimicrons. This 
is within the range of molecular dimensions, but the rotation 
is considerably higher than the highest degree of rotation ob¬ 
served in optically active substances in the polarimeter (Vor- 
liinder and Hutli, ’ll) wliere in liquid crystals of one of the 
amylesters a rotation of 11^ jier micron thickness was ob¬ 
served, or 1° in 99 millimicrons. 

A 4irect comparison between these two cases of rotation 
cannot yet be made, in so far as the ultimate elements (mole¬ 
cules f) are concerned. In oyitically active solutions and in 
solid and liquid crystals the diameter of the solution is with¬ 
out effect if the depth, concentration, and temperature remain 
uniform. Tn organisms, however, a change in diameter 
changes the amount of rotation per unit (absolute) length of 
organism. 

Now, in this group of organisms the angle of rotation in 
movement in the straight tilaments is, as stated, about 30"" or 
slightly greater, never less. The angle of spiral coiling, when 
present, is in almost every case greater than 30”, most fre¬ 
quently from 60'^ to the closest spiraling possible, which is 
about 82^ in the case of a S])irochaet; but it is somewhat 
larger in the Spirulina and Arthrospira genera where the 
coils have open spaces around the axis of the coil. Among 
the ciliates and rotifers, only the very rapid swimmers, with 
a diameter of spiral below^ the average, make a path of less 
than 30® ; the great majority swum at angles of 30® or greater. 
When the temperature is lowered or conditions arise that are 
adverse, the angle of the spiral path becomes greater. Simi¬ 
lar conditions are observed in birds and men. A sick tern, 
blindfolded and set free from the top of the Loggerhead Key 
Lighthouse, flew in perfect spirals, as it slowly descended to 
the ground, that w^ere less than 3 meters in diameter (about 
32 b^y lengths) as it reached the ground. Fear or preoccu¬ 
pation of mind in man, when blindfolded, causes slow^er walk- 
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ing and markedly smaller spirals. In other -words, the spiral¬ 
ing mechanism constantly tends to produce spirals of larger 
angles of curvature and, in going down the scale of organisms, 
this tendency is present in the smallest spirals kno-wn, whi(di 
are in the Spirochaets. The fact that the majority of organ¬ 
isms move in spirals at an angle in the neighborhood of 30°, 
when in coordinated locomotion, may indicate that the ele¬ 
ments of the finer structure of the protoplasm concerned in 
movement are spirally arranged to the extent of about 30° 
or more, -with respect to the diameter of the spiral path of 
the organism, or vibrate into this position more frequently 
than into any other. That the spiral path should constantly 
tend toward a larger angle when forward movement is inter¬ 
fered with to some extent by any one of various causes, indi¬ 
cates that the axial component of progression is dissociable 
experimentally from the spiral or rotational, and that the 
molecular or atomic structure of one or more of the sub¬ 
stances involved in movement is spiral in form at a larger 
angle than 30° with respect to the path of the organism. 

It is generally recognized that molecules may be built upon 
a spiral plan. For example, the carbon atoms, which are usu¬ 
ally represented as tetrahedrons, ‘ to represent the four 
valences either on the apices or on the faces, probably arrange 
themselves more easily spirally to produce a compact-chain 
form than in any other order. Since a carbon chain (and an 
occasional atom that is asymmetrical) is one of the charac¬ 
teristic components of the molecules of amino-acids, proteins, 
and other carbon compounds in protoplasm, there is no lack of 
spiral arrangement in the finer structure of protoplasm to 
satisfy preliminary requirements of a spiral locomotor 
mechanism. 

Now, the fact that in the simplest organisms the direction 
of structural spiral turn and of spiral movement is the same 
(i.e., both right or both left) may indicate that the molecules 
have no marked translatory or rotational movement, but 
chiefly -vibratory, with the molecules partially oriented, how¬ 
ever, as in the mesomorphic state (liquid crystals) seen in a 
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number of carbon compounds. The spiral movement of the 
organism would then be the statistical result of the spirally 
vibratory molecular movements, and therefore in reality a 
byproduct of the fundamental metabolic activities. 

In higher organisms, where there are motor organs and 
‘centers’ for spiral and other movements, the problem is more 
complicated and probably similar to the central ontogenetic 
process. This atomistic view of spiral movement has the 
merit of being experimentally testable at almost every point. 
One or two of these points will be taken up a little further 
in a forthcoming paper on spiral movement in amebas. 

The fact that the number of body lengths per spiral turn is 
so uniform among so wide a variety of organisms is un¬ 
doubtedly of i)rofound significance and must mean that when 
the motor system is functioning at what may be called its 
optimum speed, the spiral structure of the coordinating center 
of movement compels a spiral path of about 30° or a little 
larger. This is the average minimum effect at average speed. 
But if, through some cause the rate of movement is slowed 
down, the angle of the path becomes larger with a maximum 
of 90°, which means cessation of forward movement along 
the spiral axis and perhaps in some cases reversal of progres¬ 
sion along the axis. 

The time element seems to affect the angle of spirality in 
movement only markedly when it applies to speed, not when 
applied to the amount of time required to make a spiral turn. 
For amebas move spirally around glass rods and in tubes at 
only a slightly larger angle when the diameter of one tube 
is eight times as large as that of another, requiring a cor¬ 
respondingly longer time to make one spiral turn (Schaeffer, 
’26). This shows that the spirals are not laid down in minia¬ 
ture as it were, in the coordinating center, as movement pro¬ 
ceeds, but must be regarded as based on a highly elastic struc¬ 
ture which the dynamic phase of the motor mechanism is 
obliged to follow; unless one takes the view that the effect of 
the asymmetry of, say, the carbon atom, is overcome to some 
definite extent as a larger compound or structure is built up 
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(or broken down) concordantly as movement proceeds at opti¬ 
mum speed; and that when movement slows down, the struc¬ 
ture in question tends more and more to assume a shape 
corresponding to the inlierent asymmetry of its smaller com¬ 
ponents. The former view seems more attractive, for the 
spiral structure and spiral movement agree in the lowest 
organisms in both the angle of curvature and in the direction 
of turning. 

In casting about for an asymmetrical or spirally oriented 
substance in the protoplasm of organisms, one naturally 
turns to the results of investigations with the polarimeter 
on organic stuffs, especially amino-acids. Most of these are 
levo-rotatory, only a few being dextro-rotatory. But in this 
case levo-rotatory does not mean that the rays of light are 
turned to the left as they go through the solution examined, 
that is, that the path is a left helical spiral. The liglit rays 
are actually twisted to the right, but on the dial of the 
instrument the analyzer has to be turned to the left to match 
the color fields. If one refers, therefore, to the actual prog¬ 
ress of the rays of light through the solution, the levo and 
dextro qualities of the solution as printed in the tables are 
just the opposite of what the pathfe of the light rays are. 
Now, an examination of the rotatory power of amino-acid 
solutions in polarized light shows that the rotation is very 
much less than is required for the degree of spiral!ty ob¬ 
served in so small a space as one twist of a Spirochaet* In 
the Spirochaet, as has been pointed out, one spiral, turn of 
360° requires only 1.2 p, while in the amino-acids the highest 
amount of rotation is only a very small fraction of this 
quantity (in all of them less than 360° in 10 cm, of solution). 
Thus the observations from polarimetry of solutions throws 
little light on the spiraling mechanism at present. But there 
nevertheless remains the possibility that further investiga¬ 
tion will show that these two sets of phenomena depend 
ultimately on the same mechanism. 

But, assuming that there is a spiral structure as a basis 
for spiral movement, the question arises as to how it is trans- 
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lated into Uie movements of tlie motor organs so as to make 
the organism’s path a s])iral. We have, of course, no answer 
to this question. It is similar to the (|iiestion as to how 
a gene develops ontogenetically. The question of the means 
of translation of the spiral mode of movement from the 
‘center’ to the motor organs is a part of a large general ])rol)- 
lem, including the ontogenetic process. A study of spiral 
movement seems particularly favorable for looking deeper 
into this general problem, because of the universality of the 
reaction and the quantitative definiteness with which it ex¬ 
presses itself in many groups, and because of the i^robable 
absence of any important change in the phylogeny of tlu^ 
fundamental mechanism. 

Bilateral asymmetry hi nuwemeni. There is one more 
relationslii]) between movement and structure which this in¬ 
vestigation has brought out that calls for comment. Iji man 
and most higher animals we s])eak of bilateral symmetry and, 
so far as tlie locomotor organs are concerned, the two sides 
are substantially alike structurally, although, so far as loco¬ 
motion is concerned, this is not the case at all. At any given 
moment in ]oc(»motion, man, birds, mice, etc., are definitely 
right-turning or left-turning, when the orienting senses are 
not functioning. This asymmetry is capabh; of reversal in 
most of the birds, mice, and men studied. In rotifers, ciliates, 
flagellates, etc., as well as the ciliated larvae of many marine 
invertebrates, locomotion is similarly bilaterally asymmet 
rical in that the outer side of the spiral is a structurally 
definable side; that is, a particular side of the animal is 
always on the outer side of the spiral. This, of course, cor¬ 
responds to the movements of a man, bird, or mouse when 
the right side, for example, of one of these animals is on 
the outer side when walking a spiral. But this bilateral 
asymmetry extends apparently down to all the motile organ¬ 
isms, including the Oscillatorias, Spirochaets, Spirillum, and 
possibly also the motile bacteria. In the coiled Oscillatorias, 
Arthrospira and Spirulina, the outer side of the coil is in 
all cases motile, while particles on the inner side seem to 
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remain motionless. It has already been shown that one coil 
of these algae is the equivalent of one spiral turn as measured 
in locomotion in the straight species. Additional observa¬ 
tions of Zuelzer (’ll) tend also to show that the whole outer 
surface of at least one species of Oscillatoria is not motile, 
but only a spiral band running around it. Or there is a 
spiral band which moves more rapidly than the rest of the 
surface. This group of algae, then, which appears sym¬ 
metrical from inspection of its structure, is probably func¬ 
tionally asymmetrical in locomotion. The Spirochaets have, 
of course, long been known to be bilaterally asymmetrical, 
having a more deeply staining rod along the inside of the 
spirally twisted body. The motile bacteria have, unfortu¬ 
nately, not been investigated from this point of view, but a 
few observations made on curved free-living bacilli, whose 
bodies are sections of a helical spiral, rotate in .the same 
direction as their bodies are built and thus conform to the 
conditions found in the Spirochaets. This widespread cor¬ 
respondence in bilateral asymmetry of spiral locomotion ex¬ 
tending to all the groups studied is of very great interest and 
must be connected ultimately with the finer structure of the 
spirokinetic mechanism. 


SUMMARY 

1. When blindfolded persons walk or swim in what they 
intend to be a straight path, 300 steps or more in length, 
they actually walk in a more or less regular clock-spring 
spiral. The same is true when driving an automobile Uind- 
folded or when a Uindfolded person in an automobile calls 
the direction to the driver. The diameters of the spiral turns 
in walking and swimming varies from about 36 meters to 
about 6 meters, in automobile driving from about 100 meters 
to about 12 meters. The drift of the spiral turns is in nearly 
every case in the same direction in which the first turn was 
made. 

2. A spiral path is also made when walking i>aekwaid and 
when walking forward and backward alternately. In both 
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these cases the spirals are smaller than when walking for¬ 
ward only, but the drift of the spirals is frequently in the 
direction opposite to that in which the first spiral turn was 
made. 

3. The spiral turns are not due to asymmetries in the legs 
or other parts of the locomotor organs or of the body gener¬ 
ally, such as right-handedness. 

4. One and the same person may walk or swim or drive 
both right-spiral turns and left-spiral turns in different ex¬ 
periments or sometimes in the same experiment. No ap¬ 
parent difference is observed in the direction of turning that 
is referable to differences in age, sex, or right-handedness or 
left-handedness. 

5. There is marked individuality in the paths which differ¬ 
ent individuals make in the size of the spiral turns and in 
the number of reversals from right to left turning and in 
other characteristics. These differences seem related to 
fundamental types of behavior, and there is evidence tending 
to show that the open, more or less irregular spiral paths 
with frequent reversals in direction of turn are made by 
the more or less ‘temperamental’ persons, while the 
‘plodders,’ on the other hand, make long series of spiral 
turns with few or no reversals. More subjects have to be 
investigated, however, before this can be fully established. 

6. The mechanism which causes the spirality of the path 
in man must be located in the central nervous system, prob¬ 
ably in the ‘center’ of one or more cells that coordinates 
locomotion at any given moment. 

7. Spiraling is not a conscious phenomenon. Consciousness 
gets no direct report frmn the spiraling mechanism. A 
blindfolded person is ‘conscious’ of swimming or driving a 
straight path when he is actually going in spirals. The 
spirals are smoother, however, when the attention is not 
intensely directed on the manner of making each step, but 
is occupied in counting the steps or in thinking about some- 
thii^ else than walking a ‘perfectly straight path.’ 
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8. A manic depressive and an imbecile, when blindfolded, 
walked essentially tlie same kind of straightaway path as 
normals. 

9. Persons who lose their way in forests, snow-storms, fogs, 
etc., go ^round in circles,’ because in these persons the orient¬ 
ing senses are not functioning, and then the spiraling mechan¬ 
ism guides the path. Rabbits, foxes, antelopes, and other 
game, when hard pressed in the chase, lose the power of 
orienting themselves through fear, and then the spiraling 
mechanism also leads them around ‘in circles.’ 

10. The spiral path of man is interpreted to be the graphic 
exy)ression in two dimensions of space of a helical spiral 
‘pattern.’ Since it is not possible to ascertain definitely 
whether the spiral axis of the actual path points up or down, 
it is not possible to say definitely whether a right turn in the 
actual path is a right turn or a left turn in the helical spiral 
pattern. 

11. The spiral path of man seems to be produced by the 
same mechanism which produces similar paths in blindfolded 
birds and mice and in rotifers, ciliates, flagellates, amebas, 
Oscillatoria, Spirochaets, ciliated larvae of many marine in¬ 
vertebrates, spermatozoa, zoospores, syiermatozoids, etc., 
and is, in fact, just a special case of the general phenomenon 
that all motile organisms move in a helical spiral or a pro¬ 
jection thereof on a plane surface, when not guided by orient¬ 
ing organs. 

12. When all of the 697 spiral turns of thirty-seven persons, 
who set out to walk or swim straight paths blindfolded, are 
grouped into left and right turns, the right predominate over 
the left in the ratio of 1.48 to 1. If the direction of each ex¬ 
periment is taken, the ratio is 1.38 to 1. In the ameba 
(Rugipes bilzi) the left turns predominate over the rights in 
the ratio of 2.1 to 1. In the ciliates, where there seems to be 
a condition approaching chance distribution of left and right 
species in small groups, there are 102 lefts to 64 rights (Bull- 
ington)—a ratio of 1.64 to 1. In the only other groups of 
which data are available, the rotifers and the flagellates, the 
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right to left ratio is 9 to 1 in the rotifers and over 100 to 1 
among the flagellates (Knglenoidina and Dinoflagellata). 

13. Spiral struetnre and spiral movement in the lowest 
organisms, Oseillatorias, Spiroehaets, and Spirillum, agree 
in the direction of spiral turn; that is, if the structure is left 
spiral the movement is left spiral, a spiral turn of the struc¬ 
ture equaling one spiral rotation in movement. But in the 
(uliates and flagellates (Kuglenoidina and Dinoflagellata) the 
correlation is negative, the right structure (oral groove) in 
ciliatcs being associated witli left turning 2.38 times as often 
as with right turning, and in the flagellates left structures and 
right rotation seem to be almost universal. 

14. The number of body lengths per si)iral turn is practi¬ 
cally constant among the lower groups (ciliates, flagellates, 
rotifers, amebas), being about 4.5 or perhaps somewhat less. 
In man, walking, the smallest regular spiral turns are about 
]] body lengths; in swimming, 2 to 8.5 body lengths; in driv¬ 
ing automobiles, 20 body hnigths (of man). In terns, flying, 
the smallest spiral turns are about 41 body lengths. 

15. The angle at which helical spiral turns are made by 
organisms swimming in three dimensions is in the neighbor¬ 
hood of 30'\ or a little larger for the great majority of 
organisms. Very rapid swimmers (ciliates) make a somewhat 
smaller angle, and very slow swimmers make a larger angle. 

Ifl. The element of time is of comparative unimportance 
when it does not atfect rate of movement; a sj)iral turn of 
the usual size will be made when interrupted by short rest 
periods (man) or at only a slightly larger angle if the diam¬ 
eter is increased over eight times (ameba, Bugipes bilzi). 

17. The smallest space in wdiich the spiraling mechanism 
has been found to function is one turn of a helical spiral of a 
Spirochaet 0.25 m in diameter and 1.2 m h^^K) which the 
substance along the spiral axis turns 1^' in 3.47 millimicrons. 
Since there is good reason to suppose that the mechanism 
can operate in a smaller space than this (flagella of bacteria), 
it is clear that the structural basis for the spiraling mechan¬ 
ism may be and probably must be of molecular dimensions. 
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possibly a spiral chain form which depends for its form on 
the asymmetry of the carbon atom. 

18. This investigation has also brought out the interesting 
relation that there is present in perhaps all motile organisms 
a locomotor bilateral asymmetry, which means that at any 
given moment an organism is either strongly right-turning 
or strongly left-turning, with a structurally definable side as 
a reference point. This assTtnmetry is reversible in those 
organisms confined to move in two dimensions of space, but 
fixed for apparently all other organisms. In Oscillatoria 
there seems to be only a spiral band which is motile, not the 
whole surface as is commonly thought, or else the spiral 
band moves faster than the rest of the surface. The dy¬ 
namical basis for this phenomenon must depend apparently 
upon the structure of the spiraling mechanism. 
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author's abstract 

In thiFi study th<* problem of the tonKil is considered in snurans. The common toad 
(family Bufonidae) in used as the type, and representative species of the other families are 
compared. 

Tn each species representative stages befrinnini; before transformation were selected, and 
the linfrual reunion of each was sectioned. Some thyroid-fed toad tadimles which had prema¬ 
turely transformed were examined. The investigations led to the following conclusions. 

1. Accumulations of lymphocytes occur in all the families except Hylidae. 

2 A pair of tonsils located on either side of the tongue appear before transformation 
in Bufo, and persist, increasing in size through old age. 

This.pair has its developmental origin at or near the cephalic end of pouch II. In 
no other species examined do the tonsils appear as early; in almost all forms the accumula¬ 
tions are inconstant in occurrence, as are also some in Bufo. 

4. The cells of the ‘tonsils’ are lymphocytes of varying sires. They arise from the 
mesenchyme; later their accumulations become sites of lymphopoiesis. 

5. This type of lympho-epithelial mass is simple in structure and has a greatly thick¬ 
ened epithelium, due to extensive infiltration by lymphocytes. In the connective tissue the 
vascular supply is abundant. 

6. Thu differentiation of lymphocytes may be due to a factor of strain, arising 
through adjustments made during metamorphosis. 

7. Thyroid-fed Uiad tadpoles transform, apparently without developing tonsils. 
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INTRODUCTION 

Prohlnn of the tonsil.^ The solution of the problem of the 
tonsil has been attempted by many workers. Tonsillar struc¬ 
tures in mammals, and more especially in man, have at¬ 
tracted the {greatest number of investigators, as would be 
expected. Comparatively little has been done wdlh them 
in the vertebrates lower than mammals. 

Definitions and limits of the term. There exists consider¬ 
able uncertainty and indefiniteuess as to the exact meaning 
of the term ‘tonsil,’ and it would therefore be advisable to 
define and limit it for the purposes of this paper. The com¬ 
mon use of the term makes ‘tonsil’ apply only to the palatine 
tonsils of man. From an histological standpoint, however, 
one may consider tonsils as structures associated with epi¬ 
thelium and composed of lymphatic tissue. They consist es¬ 
sentially of connective tissue, epithelium, and lymphocytes. 
The former is the underlying tissue, more or less filled with 
leukocytes, mainly of the lymphocyte type. The epithelium 
is a limiting surface tissue, which maj’ be, and usually is, 
invaded with lymphocytes. Ordinarily, the connective tissue 
is very vascular, but not necessarily ,so. Such a definition 
of ‘tonsil’ permits one to speak of intestinal tonsils, pharyn¬ 
geal tonsils, and even those of the respiratory tract. The 
discussion of these structures in Amphibia, however, will be 
restricted to those of the pharyngeal and oral regions, and 
this particular study will be limited to ‘tonsils’ of the lingual 
region. 

In the problem of these interesting structures, there are five 
salient aspects or phases that meet every worker: 1) the 

^ The study presented in this paper was suggested to me by Dr. B. F. Kings¬ 
bury. The latter has kindly loaned me many series of slides of toads’ heads. I 
wish to exjiress my appreciation and gratitude for his help and encouragement 
while working upon this problem. Members of the Zoology Department at Cornell 
University have given me preserved materials of the forms which are difRcult to 
obtain. Dr. A. H. Wright has been most generous with his anuran material in 
alt stages of development. The Middle-western Rcaphiopus specimens, and indi¬ 
viduals of Ascaplms were provided by Mr. W. Benning, of Cornell, and Mrs. 
Gaige, of the University of Michigan, respectively. 
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consideration of llieir occurrence, not at just one ]>eriod of 
the animars life, but during its entire existence; 2) the 
morphology and morphogenesis; 3) the histology and histo¬ 
genesis—an important phase of the pro))iem; 4) their origin; 
5) the relations of these lymphatic structures to the problem 
of the lymphocyte. 

OccKrre/nce mid character in (dlicr vcrtchrates. A general 
statement of the occurrence and character of the tonsils of 
the pharyngeal region in all vertebrate groups, as far as is 
known, will give a background for the more detailed descrip¬ 
tion of them in the Anura. 

Mammals. In general, the types of tonsils which will be 
enumerated are the ones which occur in the pharyngeal and 
oral regions of mammals—the palatine, the lingual, the 
)>haryngeal, and the laryngeal tonsils with a fourth location, 
often, in the lower part of the eustachian tubes, called Mubar 
tonsils. To characterize them briefly, it would be sufficient 
to say that they reach quite a high degree of development and 
comidexity in the group, and definite germinal centers are 
recognizable in the particular connective tissue. There is 
usually present a distinct membrane or capsule of connective 
tissue of a fibrous character that limits them on their inner 
surface. No one of these tonsils is always present. 

Birds. As might be expected, the distribution of these 
lymphatic bodies is somewhat different among birds. There 
are five main locations that may be cited (Jolly, ^23): 

1) Lymphatic nodules occur in the connective tissue of glands 
at the level of the jaw articulation and the larAmgeal orifice. 

2) More diffuse accumulations occur in the region of the 
palatopharyngeal fossae. 3) The most prominent mass occurs 
in the region of the tubal infundibulum forming a lymphoid 
ring around the latter (Oppel, ’00, and Jolly, ’23). 4) There 
are a few lymphatic masses in the lingual region. 5) Lastly, 
some arc to be found associated with the mucous glands in 
the pharynx. In birds, the so-called ‘tubal’ tonsils (3) are 
the most definite and best develojied and may be as complex 
in their structure as the palatine tonsils of man. 
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Reptiles. Among the reptiles quite a variation in the posi¬ 
tion of tonsillar patches apparently exists. In the crocodiles, 
(Killian, ’88) there are ‘tubal’ tonsils. In Lacerta (Oppel, 
’00) and related forms, pharyngeal and pterygoideal lym¬ 
phatic accumulations occur. Hatteria (Oppel, ’00) has only 
palatine tonsils. Thus it is evident that, although such 
lymphatic structures exist in reptiles, they are not numerous. 
They seem poorly distributed in the oral and pharyngeal 
regions and are indefinite and simple in structure, sometimes 
being recognized only with difficulty. 

Amphibians. This is the lowest vertebrate group in which 
tonsils occur, as far as the author can ascertain. In it are 
found all degrees of subepithelial lymphocyte accumulation, 
from none at all, or a very diffuse condition, to structures 
which are quite definite and localized. An example of the 
first extreme is found in the case of some frogs in which 
the accumulations are very inconstant in presence and locu¬ 
tion. The toad (Bufo) and Salamandra atra arc examples 
of the other extreme. 

Fishes. Among the fishes, the lymphocyte accumulations 
are too diffuse and inconstant to be considered ‘tonsils,’ even 
according to the definition that has been given here. 

Review of literature on amphibian tonsils. Considering 
first the urodeles, Holl (’85) was the first worker contributing 
any definite statement concerning the occurrence of tonsillar 
material. While he was making a general study of the 
histological structure of Salamandra maculata, he incidentally 
discovered tonsillar tissue, and noted that there was a pair 
of fairly well-developed structures, definitely and symmetric¬ 
ally located in the dorsal wall of the pharynx. The connective 
tissue in the region of these organs was highly vascularized. 
Other more diffuse and less constantly occurring and localized 
structures of this nature which he found in the mucous mem¬ 
brane he did not consider as tonsils. In 1899, Oppel, in 
Proteus anguineus, noted quite constant but diffuse tonsillar 
patches back of the jaw articulations. Compared with the 
sort of tonsil found in mammals, the one pictured by Oppel 
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seems very diffuse, but it has the necessary characteristics 
for such a structure. The lymphocytes have invaded the epi¬ 
thelium which is several-layered, much thickened, and more or 
less reticular in appearance below the surface. He noted 
lymphocytes, or, as he calls them, ^wandering cells’ in other 
locations, but they were not numerous or constant in occur¬ 
rence. 

In 1912, Kingsbury published a paper upon amphibian ton¬ 
sils in which he made a particular study of Salamandra atra, 
among the urodeles. He found twelve localizations in the 
two regions we are considering. Of these, the following three 
patches were definite and fairly constant: the preglottideal 
(in front of the glottis), the lateral (near the articulation of 
the jaws), and the sublingual (located as the name implies). 

He also made a comparative but less detailed study upon 
Desmognathus fusca, Diemyctylus viridescens, PlethodoTi 
cinereus, Amblystoma i)unctatum, and Gyrinophilus porphy- 
riticus. In general, he concluded that almost all salamanders 
have tonsils in about the same region in each case. Des¬ 
mognathus fusca and Gyrinophilus porphyriticus seemed to 
be exceptions. 

The latest worker. Jolly (’19) gives a general statement of 
the sort of tonsils found in urodeles, but does not specify in 
which they oc^cur, nor give details of his work. He says 
that the crypts, characteristic of these structures in man, 
anura, etc., give way to papilliform protuberances winch are 
infiltrated with lymphocytes in the case of salamanders. 

As to the character of the tonsils themselves, in the tailed 
amphibian group, there is found a fairly simple structure as 
compared with those in mammals. The connective tissue is a 
loose reticulum, with a considerable sprinkling of lymphocytes 
in its meshes. There is a well-developed vascular supply. 
The epithelium is several layered, and usually the surface is 
composed of the modified columnar or cuboidal type of cell, 
while the deep ones are irregular and somewhat reticular. 
The inner limit is usually recognizable. A denser accumula¬ 
tion of lymphocytes is found in the sublingual tonsils of 
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Salamaudra atra. Veins and venules are always associated 
beneath or at the site ot* the patch, and usually these vessels 
are fairly well filled wdth lymphocytes. Kingsbury (’12) says 
that he has noted mitotic figures in these Ijunphatic patches, 
but they are not numerous enough to assume a rapid pro¬ 
liferation. 

Among the anura there are very few descriptions of specific 
nature. Here, again, Holl is the first worker of importance. 
In 1887, he w^orked upon Rana temporaria, and discovered 
some accumulations of hinphocytes, or what he called ‘Wan- 
derzellen,’ on the tongue and in the roof of the mouth. 
Drzewina, in 1905, mentions leukocyte infiltrations in the 
oral regions of the frog, but describes them as being quite 
diffuse. Kingsbury (’12) studied the tonsils of anurans, 
using the toad (Bufo americanus) as his type or example. 
He found in this form that ‘sublingual’ tonsils are of con¬ 
stant occurrence. He examined many individual heads at 
the time of completion of transformation, before it, and 
slightly after that stage. Jolly is again the latest worker. 
In 1919, he notes the occurrence of ‘lympho-epithelial’ masses 
in Rana temporaria, in the lateral recesses of the nasal fos¬ 
sae. He mentions that, in the toad, in the whole oral pharyn¬ 
geal cavity, lymphatic tissue occurs in relation to epithelial 
crypts. Further, he describes ‘palatine tonsils’ in the jugo- 
maxillary arc, in R. temporaria and in R. esculenta. These 
are the most constant and best developed tonsils of the forms 
mentioned. 

Further than this no work has been done upon amphibian 
tonsils, so far as the writer is aware. This group of lower 
vertebrates is particularly interesting and desirable for study 
along this line, because of the comparative simplicity of the 
members, and has been chosen in the belief that the inter¬ 
relations of structures here would not be so complex as in 
higher forms. 

Scope of this study. The purpose of the following study 
has been twofold: 1) to ascertain the occurrence and general 
character of the lingual and sublingual tonsils, among the 
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representatives of all the families of the aiinrans; 2) to uiuhn*- 
take a more detailed study of this same group of tojisils in 
Bufo. In the latter ease, attention has been given t() the 
phases of the problem of the tonsil already mentioned: e.g., 
1) occurrence; 2) character at representative stages; 3) mor¬ 
phology and morphogenesis; 4) histology and liistogenesis, 
and, 5) their origin. The i)roblem here, as is the ease in all 
studies of the tonsil, has been that of the lymphocyte itself— 
why it occurs at these sites and under what conditions. 

MATERIALS AND METHODS 

In making this study, representative genera of each family 
of the aniira were chosen, and material of an available specic^s 
of each of these was used. In all cases exce])t in the genera of 
Bufo and Ascaphus, individuals of each species at the follow¬ 
ing four stages were (‘xamined: before transformation, at 
transformation, shortly after this stage, and the adult. The 
species of Ascaphus are comparatively rare in the United 
States, and the writer had individuals of only the stages be¬ 
fore transfoi'mation, after transformation, and adult. In the 
species which are common locally, a large number of speci¬ 
mens were examineil. In all other cases comparatively few 
individuals were available for this purpose. The writer’s 
experience has been, however, that the presence or absence 
of tonsillar material in adults is constant, so that large num¬ 
bers of individuals are iiot necessary to check the mere oc¬ 
currence of the tonsil. The genus Bufo was used as the tyy)e 
for the whole group of anura, and many specimens at all 
stages from the early larva to a 97-mm. adult were examined. 
The largest number of individuals were examined in the 
period including stages just before transformation, at trans¬ 
formation (e.g., when the tail stub has disappeared and both 
the fore limbs have erupted), and immediately after this 
period. Most of the material of forms other than Bufo was 
from preserved specimens, and had been fixed either in 10 
per cent formol or in alcohol. M^hen this was the case the 
best results seemed to be obtained by further fixing the de- 
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sired region (e.g., floor of the mouth) in Bouin’s fluid for 
twenty-fonr hours before embedding and sectioning. It was 
found convenient to stain the region removed, in toto, with 
Mayer’s acid carmine for five to seven days. Alcoholic eosin 
was used also, but it did not prove so satisfactory. Sections 
were cut usually at 10 p. In large specimens, in which the 
mandible was quite heavy and ossified, the whole bone was 
removed with a razor blade or a very sharp scalpel. This 
method proved more satisfactory than that of decalcification 
of the bone. When material had been preserved for some 
time, Mayer’s haematoxylin with eosin as a counterstain was 
used occasionally, but the details of the cells showed poorly. 
Fresh material was fixed either in picro-aceto-formol, Flem¬ 
ming’s fluid, Vom Bath’s fluid, mercuric chloride, Zenker’s or 
Helly’s fluids. Of these, picro-aceto-formol, Zenker’s and 
Helly’s fluids seemed to fix the tissue desired so that the clear¬ 
est and best staining would result. 

In addition to the material obtained from normal speci¬ 
mens, regions of the oral cavity were removed from thyroid- 
fed tadpoles of Bufo. The latter were preserved-whole either 
in Helly’s or Flemming’s fluids and. their lower jaws were 
not removed until the tissue was quite hard, so that there 
would be as little scraping off of tissue as possible. The floor 
of the mouth of each was sectioned. 

Method of thyroid feeding 

The method of thyroid feeding used was similar to that 
employed by Gudernatsch (’14). Tadpoles were put into 
flat glass dishes, ten to a dish, with a control set to every 
experimental one. Groups at different stages of development 
were fed and watched in these dishes. Both the desiccated 
thyroid and sliced fresh thyroid from pig were used. The 
fresh thyroid was dried in the electric oven for twenty-four 
hours. The desiccated thyroid seemed to be most desired by 
the tadpoles when a paste was prepared from it The pastt 
was dried in sheets. This material was then fed to the tad- 
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poles as if it were fish food. Three feedings of the thyroid, 
each feeding given every other day, was the method that 
seemed to cause the least sudden and profound change in 
the tadpoles, so that they would survive for the longest period 
of time and still show very striking changes. 

TONSILLAR DEVELOPMENT IN THE LINGUAL REGION OF BUFO 

(TYPE) 

General description 

Since the kind of tonsil made the basis of this study has 
not been commonly investigated, and hence is not familiar, 
it seems advisable to preface the matter that follows Avith 
a general description of these structures in an adult speci¬ 
men of Bufo. 

In tlie lingual region of the floor of the mouth there occurs 
a pair of tonsils, one on either side of the attachment of the 
tongue. Some idea of their gross appearance may be ob¬ 
tained by reference to figure 2. Each one of the pair lies just 
posterior to a somewhat elevated fold of mucosa which 
stretched from the articulation of the jaw bone medially and 
anteriorly to the attachment of the tongue. These structures 
appear to be somewhat folded, each confined to a somewhat 
circular fossa, out of which they protrude slightly (in pre* 
served material). The mucous membrane about each fossa 
forms a more or less conspicuous ridge which limits the ex¬ 
tent of these structures. The tongue overlaps them fairly 
completely.® 

Occurrence at different stages 

In studying the tonsils of the lingual region in Bufo, ma¬ 
terial was used of the eastern species, B. americanus, and 
the western species, B. boreas. A range of individuals, from 

* Kingsbury (’12) has given the name ‘sublingual* tonsils to this pair. Per¬ 
haps a more suitable name could be substituted, since the tonsils in other regions 
might be given this name with equal fitness. Since the name has been used, 
however, it can be retained for the purpose of this study, realizing at the same 
time that it should be qualified to really describe that pair of tonsils to which 
it refers. 



408 


MABEL A. MYERB 


tadpoles 16 mm. in length (with only hind limbs developed) to 
adults 97 mm. in length, were selected. The floor of the 
month of each was removed and .sections of the lingual region 
were examined for the presence of tonsillar material. 

The form which was most distinctly larval, in which the 
developing tonsil could be recognized, was in a tadpole which 
had a tail stub 7i mm. in length, and one arm had erupted. 
The lymphocytes had somewhat invaded the epithelium in 
the floor of the mouth. Paired structures of this nature wore 
found to occur in practically all of the tadpoles from this 
stage up to transformation (figs. 12, 13, 14). The exact time 
of the appearance of each tonsil of the pair seemed to differ, 
depending upon the individual. 

After transformation, in specimens 12 to 40 or 50 mm., 
every toad possessed this particulai' pair, the size increasing 
with the size of the animal. The transection of the low-er jaw' 
shown in figure 4 is that of a young adult of the stage above 
described. The tonsils are large and conspunious. Figure 15 
pictures the ‘sublingual tonsil’ of a young toad under higher 
magnification. Figure 16 illustrates a tonsil in an older toad. 

A medium-sized toad also showed other patches of more or 
less complexity. Some were paired and some were not. 
Patches in this general I’egion were located on the under¬ 
surface of the tongue and in small lateral folds of the mucosa 
of the tongue betw'oen the expanded portions of this structure 
and the floor of the mouth. The general aspect of these more 
variable and inconstant tonsillar patches is shown in figures 
6, 7, 8, and 11. 

In the case of the largest toad examined, that is, a 97-mm. 
adult, lymphocyte accumulations were encountered in great 
numbers in the undersurface of the tongue. Some of these 
accumulations were merely little clumps of lymphocytes, 
seeming to be entirely limited to the epithelium. The main 
large pair of tonsils of which the W'riter has made mention in 
younger toads proved to be very extensive and formed two 
long strips of tonsillar material on either side of the midline 
under the tongue. Sections of the lingual region showing 
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these two f^roups are pictured in the photographs (figs. 9 
and 10). 

Jn general, the developmental history of the sublingual 
tonsil is as follows; The tadpoles at the stage in which at 
least one arm had broken through and the glottis is opening 
may l>e expected to have some accumulation of lymphocytes 
at that place on either side which is the forerunner of the 
main tonsil. The number of lymphocytes will increase 
steadily (figs. 12, 13, and 14) and the tonsillar structure re¬ 
sulting will become larger and larger in proportion to the 
size of the floor of Ihe mouth until the transformed toad 
reaches a length of approximat<»ly 14 to 20 mm. Subse¬ 
quently, there seems to be less proliferation in the tonsil, 
and they become relatively smaller in proportion to the floor 
of the mouth. There follows accumulations of lymphocytes 
in other places, usually in the general region of this main 
pair of tonsils. Instead of a diminution in the amount of 
tonsillar tissue with age, such as occurs in man, there is 
actually an increase. Jn fact, in the region under the free 
posterior end of the tongue, there are very few places in 
which one will not encounter, in an ohl toad, lymphocytes in 
more or less extensive accumulations. 

MORIUIOLOGV AND MORPI10(5ENESIH 

In the individual in which the first appearance of the tonsil¬ 
lar material was noted, closer examination show’s that the 
metamorphosis from the tadpole to the adult stage is evi¬ 
dently quite advanced. There is on either side of the septum 
glossohyoideum, in this region, the lingual artery, vein, and 
nerve grouped together dorsal to the hyoid cartilage (fig. 12) 
and dorsal to the small separations in the connective tissue 
which mark the future site of the ceratohyal lymph sinus. In 
the overlying epithelium and connective tissue there occurs 
on either side a small mass of lymphocytes, in the region 
just posterior to the caudal margin of the tongue. Most of 
the accumulation is slightly lateral to the lingual vessels and 
nerve. Figure 13 shows this relationship on the right side. 


JOUliKAJ. OJP MORPHOLOCir AND PHYMOLOOV, VOL. 45, NO. 2 
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(.'apillaries are seen to be particularly numerous in the con¬ 
nective tissue of this region. 

The lingual artery, vein, and nerve are well developed in 
this general location for some time previous to the beginning 
of the tonsil. In the earlier stages, however, they are some¬ 
what lateral to the exact site indicated for them at the first 
appearance of the tonsil. The ceratohyal lymph sinus and 
the capillaries seem to develop as the lymphocytes accumulate. 

During the period in which the tail stub is gradually lost, 
up to transformation, the general morphology of this region 
changes very little. The sinus expands horizontally to cjuite 
a degree, and vertically but slightly. The hyoid cartilage 



Fijif. 1 Dorsal aspect of h\oid cartilage adult Bufo. Full-lined circle, 
shaded, indicates position of sublingual tonsil of average size. Dotted lines 
indicate extent of tonsil in much larger forms (e.g., Bufo boreas). C, cornu 
principale of h.void; M, inanubrium of hyoid. 


becomes much thinner and differentiates into a form which 
is quite similar to that of the adult. That region .on either 
side occupied by the tonsil tends to lie relatively nearer to 
the midline, as do also the lingual artery, vein, and nerve 
(fig. 4), The epithelium becomes thickened, causing quite 
an upfoldiug. This folding of the mucosa becomes increas¬ 
ingly marked until the toad reaches a length of 15 to 20 mm. 

At apiiroximately the size just mentioned, the tonsil has 
the relation to the hyoid indicated in the accompanying sketch 
(fig. 1), It lies dorsal to the region just posterior to the loop 
of the cornu principale (Oaupp, W), and extends caudad 
over the processus alaris. The tongue, in its growth, has 
extended back, quite covering the tonsillar region. 



TONSILS OF ANOKA 


411 


Ill loads of medium size and slightly larger the mucosa 
over the whole surface of the longue is thrown into folds as 
figured (fig. 4), and when the tongue is not extended, or when 
the muscles in this region are contracted, the tissue around 
the tonsillar area is ridged about the latter as if the lympliatic 
tissue of each side were in a shallow fossa.. This area seems 
to become more elongated with the further development of 
the tonsil. This elongation takes place almost entirely in a 
caudal direction. When the floor of the mouth is (juite con¬ 
tracted and the tongue is not extended, the (ilongation is not 
so apparent. 

It is noteworthy also that the epithelium becomes increas¬ 
ingly thick and infiltrated to a greater degree with lympho¬ 
cytes, while the underlying connective tissue retains com- 
parativ’ely few. Xo definite connectiv(‘-tissue capsule is 
formed. 

As to the vascular element in the morphology of the tonsil, 
(here is some change after late transformation and the early 
adult stage. In the young forms there are several vennles 
which drain into the lingual vein, but in the young adult toad 
(fig. 4) a small vein has deveIope<l to drain the tonsil, and 
this has become quite a definite structure in a medium-sized 
toad (figs. 5 and 15). The time of the definite appearance of 
this vein seems to be a variable thing, however, for in a toad 
15 mm, in length and in one 21A mm. this vein is not recog- 
nizabh*. 

Another modification which occurs is the gradual formation 
of a fold under the tongue, in which the hyoid cartilage is 
found (compare figs. 9, 10). This fold seems to be simply a 
lifting up of the floor of the mouth, and an infolding on either 
side under the cartilage. In general, tonsillar tissue seems 
to be present in largest amount in this fold, but is not entirely 
limited to it. 

The floor of the mouth of the very largest load (97 mm.) 
which was examined showed a great lateral extension in the 
area occupied by tonsillar material. The mucosa is much 
folded, and several veins are present to drain the main sub¬ 
lingual tonsil (figs. 9 and 10). 
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HISTOLOGY AND HISTOGENESIS* 

This will only be considereil with reference to the main 
jiair of tonsils, the ‘sublingual’ ones. The other variable 
tonsillar patches appear considerably after transformation, 
but there is no reason to consider their histogenesis funda¬ 
mentally different in any essential feature. 

The study of the histogenesis of this region must begin at 
a little earlier stage than its morphogenesis. The histogenesis 
might be considered to begin at the time when lymphocyte 
formation commences to be somewhat localized in the region 
which will later be the site of the tonsils. Such a condition 
is noted in a tadpole with a tail 14 mm. long and without the 
eruption Gf either fore leg. Before this stage, the connective 
tissue in practically the whole jaw appears to possess a 
slight leukocyte-forming activity, and no one area produces 
more than any other. 

It is noteworthy that the observations made upon this ton¬ 
sillar region, from the very earliest stages to the adult, 
seemed to confirm quite definitely Hammar’s interpretation 
that the lymphocytic cells of the tonsil are differentiated from 
the mesenchyme in that region. In the first place, the inter¬ 
mediate stages, from a connective-tissue (or mesenchymal) 
cell to a lymphocyte, are quite clearly and distinctly recog¬ 
nizable in the very young form. In the second place, there 
seems to be no evidence that they could have come from the 
epithelium, since these cells occur in other places in the con¬ 
nective tissue far from the epithelium. As for the remaining 
possibility, that of the infiltration of these cells into the con¬ 
nective tissue from the vascular system .(Stohr, ’90), all the 
evidence seems to show that the lymphocytes are carried away 
from the region in venules, and not brought in by arterioles. 
Kingsbury (’12) noted venules loaded with lymphocytes leav¬ 
ing the tonsillar region; and the writer has observed the same 
thing upon examining the lingual tonsils of toads of all ages. 

In the very young tadpole, before the appearance of any 
definite tonsillar structures, comparatively few lymphocytes 
are present; in fact, there are slightly more leukocytes with 
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irregularly shaped nuclei than lymphocytes. Both types of 
leukocj’tes are found in the venules. Both seem to be dif¬ 
ferentiated from the connective-tissue cells, but not from 
cells of the same size. An intermediate stage in the forma¬ 
tion of these two kinds of cells can be recognized. Occasion¬ 
ally one may find a large cell with a somewhat irregular form, 
and W'ith a fairly clear, large nucleus, that could be con¬ 
sidered a ‘lymphoid hemoblast’ or ‘lymphoblast’ (Naigeli).® 
In this early stage the ceratohyal lymph sinus is just begin¬ 
ning to appear in the very loose connective tissue as several 
separate spaces. The connective tissue itself shows an ever- 
increasing tendency to form fibers diagonally from the lateral 
edge of the hyoid cartilage to the grouping of the lingual 
artery, vein, and nerve. The appearance, later on, is similar 
to strings being stretched from one to the other place of 
attachment (fig. 12). The more pronounced this tendency, 
the mor(! lymphocytes seem to be accumulated in its meshes. 
The epithelium is flattened and shows a slight tendency to 
stratification in the tonsillar region. The tissues seem to 
be in a particularly plastic state, probably due to the extreme 
changes and adjustments in morphology w'hich are just being 
completed. Little groups of epithelial cells are being elevated 
to project into the oral cavity, and other groups sink in toward 
the connective tissue apparently to be absorbed later. Capil¬ 
laries arc few in number at this particular stage and yet 
seem more than adequate for the small region they drain. 
Possibly the presence of fairly large numbers of lymphocytes 
activates the formation of these tiny vessels through which 
later many free ‘wandering cells’ are carried away. 

• The term * lymphoid hemoblast, * suggested by Danchakoff, refers to a large 
wandering cell, which has an immense, clear nucleus and rises from the connective 
tissue. It can potentially form any type of blood cell, according to the mono- 
phyletic theory of blood formation. Although the description of such a cell cor¬ 
responds to the kind which the writer has distinguished in the region of the 
lingual tonsil it seems to differentiate into leukocytes, with the occasional forma¬ 
tion of eosinophiles. Perhaps Heukoblast’ would be a better name; but implying 
the limitations mentioned above, the term Mymphoid hemoblast’ will be used. 
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With the progreasiii?^ metamorphosis of the tadpoles, 
further changes occur in the tissues of the tonsillar region. 
The connective tissue becomes more fibrous, but still does 
not for some time lose its capacity to differentiate leukocytes 
of both tyi)es. The amount of connective tissue lessens 
markedly, and apparently there is considerable pressure upon 
it in the region about the lingual arteries, veins, and nerves 
for these suggested reasons: 1) the ceratohyal lymph sinus 
expands in all directions; 2) the epithelium is thickening; 
3) there is a strong tendency to lessen the thickness from 
the dorsal to the ventral surface of the floor of the mouth, 
and, 4) the hyoid cartilage expands somewhat, laterally. 

Beside the factor of pressure, there seems to be, in addition, 
that of a pull or strain of the connective tissue in this region, 
undoubtedly due to the extensive lateral growth of the hyoid 
cartilage, and the more medial shifting of the lingual artery, 
vein, and nerve, producing a greater length between these 
two points. It seems plausible that this would tend to cause 
the connective tissue to become fibrous and more condensed. 

The leukocytes described previously, which appear to be 
the ‘poljTUorphonuclear’ type, become less obvious. There is 
a range in the size of the lymphocytes, from tliose ordinarily 
classed as ^smair (Jordan, 19) to those called large.’ These 
cell types increase in number considerably, and form the 
majority of the leukocytes in the tonsillar region. 

By the time that the tails of the tadpoles have decreased 
to 8i mm. in length, the epithelium has become cuboidal. 
When one arm has appeared and the tail stub has reduced to 
7 i mm., the epithelium has become stratified in some regions, 
particularly in the one of interest in this study. Lympho¬ 
cytes have begun to infiltrate the epithelium. Their forma¬ 
tion remains fairly general in the connective tissue underr 
lying this epithelium of the oral region. 

At transformation, the epithelium in the region surrounding 
the tonsil has gained cilia, and the outer layer is of the 
columnar type. At the site of the tonsil, very few cilia are 
developed, and the epithelium may be considered to be strati- 
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fied columnar or euboidal. Tlu^ eeratohyal lym])li sinus at 
this stage is practically always completely formed, and the 
connective tissue above it has become morc^ fibrous. 

From this stage to the adult, the epithelium becomes more 
and more thickened and changes markedly wherever it is 
greatly infiltrated with lymphocytes. In the tonsillar ariia 
the cells of the surface layer lose their columnar or euboidal 
character, becoming flattened, and the cilia are lost. Tlie 
deep layers of the ei)itheliiim become somewhat reticulated. 

Capillaries are numerous in the tonsils. Little strands of 
connective tissue extend up into the epithelium in a manner 
somewhat similar to the connective-tissue^ ])apillae in tho 
skin. Ill this case, liowever, the strands are so delicate and 
thread-like, tJiat the general impression is given tiiat th(» 
capillaries actually penetrate the epitludium. 

The connective-tissue elsewhere in the tonsil becomes more 
and more vascular, an<l contains within its meshes large 
numbers of lymphocytes, especially nearest the epithelium. 
It is altered very little, however, from that in the neighbor¬ 
hood of tlie tonsil, and is in contrast to the condition found 
in mammals. 

In the late transformation and adult stages the smaller 
lymphocytes are in the majority, but the larger-sized ones 
are present in considerable numbers. Occasionally lymplioid 
hemoblasts may be distinguished. Large cells, possibly early 
stages of hemoblasts, may be fouiul, particularly about blood 
vessels. It should be mentioned also that, especially in tJie 
small inconstantly occurring tonsillar patches, the lympho¬ 
cytes seem to be grouped about blood vessels, with very few 
such cells in the connective-tissue about this area. Not un¬ 
commonly, eosinophiles may be found present as in figure 17. 
Lymphocytes in mitosis can be noted at practically all stages. 
They are particularly abundant in the tonsils of toads shortly 
after transformation, though readily found in the tonsils of 
toads as largo as 67 mm. in length. The lymphocytes and 
lymphoid hemoblasts are quite like those found in the higher 
vertebrates and like those described from the blood of a 
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frog by Jordan (’19). In early stages it would seem that all 
the lymphocytes develop from hemoblasts, but in older forms 
there seems to be proliferation of the ‘large’ lymphocytes, 
as well as formation of lymphocytes from hemoblasts de¬ 
rived in small numbers from the connective tissue. 

DEVELOPMENTAL ORIGIN 

The solution of the question as to the developmental trans¬ 
formations underlying the origin of the ‘sublingual’ tonsils 
offers some difficulties. At least half of the period of meta¬ 
morphosis is passed through before the appearance of the 
tonsil, and during this period quite profound changes are 
undergone, especially in the oropharyngeal region. Kings¬ 
bury (’12, p. 606) states that “The sublingual tonsils appear 
. ... at the cephalic end of the furrow TI leading forward 
from the branchial chambers.’’ The site of the tonsil can 
be traced back to quite an early stage by following its asso¬ 
ciated structures, the lingual artery, vein, and nerve and the 
broadest part of the hyoid cartilage. The region with which 
this study is concerned is considerably elevated previous to 
the appearance of a localized area of leukocyte formation. 
As nearly as the writer can ascertain, without the investiga¬ 
tion of any material of tadpoles younger than the one with a 
tail of about 17 mm., these prominences on either side are at 
the cephalic end of the furrow II. It is in the last stages of 
the flattening out of these prominences, which are obviously 
remnants of pillars between the first and second pouches, that 
the tonsils appear. 

There are two marked sets of adjustments that are made 
then. First, there is the reducing of these villiform promi¬ 
nences to fairly flat surfaces. This involves a ‘coupling up’ 
of the epithelium, which probably increases its tendencies 
later to be thickened and infiltrated with l 3 rmphocyte 8 . Also 
there is an excess of connective tissue temporarily. 

The second adjustment is one which tends to pull out or 
stretch this connective tissue in a manner described in the 
discussion of the histogenesis of the tonsil. 



TONSILS OF ANURA 


417 


EFFECT OF THYROID FEEDINO 

An interesting phase of the study, which was merely begun 
and neeils more thorough work, was that made upon toad 
tadpoles which were induced to transform prematurely by 
thyroid feeding. The tadpoles treated in this fashion trans¬ 
formed before their controls had even gained their fore limbs. 

The lingual region of some tadpoles that were thyroid fed 
were sectioned. Individuals at the stage just before trans¬ 
formation and at that period were chosen. It may be noted 
that the tadpoles were preserved just after they had died, 
and it is possible that there might have been some alteration 
on that acxiount. It was found that, although the small toads 
assumed the general gross form of normal transformed toads, 
histological study showed that the resemblance went practi¬ 
cally no further. There was very little cellular differentia¬ 
tion. The hyoid cartilage was practically the only structure 
that was fairly well differentiated. In those regions, such as 
the tongue and the dorsal part of the lower jaw, where a 
great deal of change occurs normally during metamorphosis, 
the epithelium appeared single-layered, or sometimes a ten¬ 
dency to several layers was noticeable. The muscular tissue 
was very poorly formed in all cases, and sometimes was 
hardly recognizable as such. The lingual artery, vein, and 
nerve were present, although often the artery and vein were 
nothing more than single-layered endothelial tubes. The in¬ 
teresting feature from the standpoint of this paper is that no 
tonsils were developed. In many cases cells that appeared 
to be similar to lymphocytes, or hcmoblasts, were present in 
the connective tissue, quite generally distributed, but the dif¬ 
ferentiation of the connective tissues in the region of the 
lingual artery, vein, and nerve above the body of the hyoid 
cartilage did not take place. A further study of thyroid-fed 
tadpoles at these stages might help to clear up some of the 
details of tonsil formation, if the tadpoles could be induced to 
live after transformation. 
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TONSILS ]N KEPRESENTATIVES OK OTHER ANURAN KAMILIBS 

Part, of the i)reseiit study consists of an investigation of the 
occurrence and character of tonsils in the lingual region in 
other fanailies of Anura. This is more or less of a compara¬ 
tive study, and a compilation of the results is presented in 
(he appended table. 

Ranulae, 

There exists such a difference in the species of the rei)re- 
sentative genus Kana that it seemed advisable to ex:amine 
three different ones. As mentioned previously, individuals 
before transformation at that stage, .iust after transforma¬ 
tion, and in the adult stage were chosen, and the floor of the 
mouth of each was removed for study. 

Rana cateshiana. In this form the occurrence of tonsillar 
material is a little different from any other anuran species 
that was examined, because of the characteristic presence 
of tonsillar tissue in the mucosa of the dorsal jjart of the 
tongue. The tonsillar patches are not restricted to the u^jper 
surface of the tongue, for there are some smaller accumula¬ 
tions of IjTnphocytes on the floor of the mouth under the 
tongue which are «pnte like those found in other species of 
Bana that will he described. 

Tonsillar material on the dorsal surface of the tongue does 
not seem to increase in amount with age. This type of tissue 
may become quite localized in this region in an old bullfrog. 

The structure of the small masses of tonsillar tissue on the 
surface and aides of the tongue in younger adults and those 
just after transformation have a crypt-like form. The whole 
surface of the tongue of the young bullfrog is thrown into 
folds, and the apex of each fold is expanded to give a mush- 
room-like appearance. It is in the epithelium of the crypts 
formed by these folds that the lymphocytes accumulate. The 
epithelium is thickened and its character is changed radically. 
No cilia are present upon the epithelial cells of the tonsil 
where the latter is quite a definite structure. 



TONSILS OF ANUIIA 


419 


The tongue of tliis form is fairly mnseular, aiul the con¬ 
nective tissue is limited in amount. Being of a rather deiivSe, 
fibrous nature, it forms a rudimentary inner limit to the 
tonsils, without being specialized for that function. 

In other places in the lingual region where accumulations 
occur, the vase form is not found. The epithelium contains 
the most of the lymphocyte accumulation and may be so 
thickened as to form a prominence. Jn these places the con¬ 
nective tissue is altered slightly. It is not so fibrous, but is 
more reticular. The lymphocytes vary in size in the tonsil 
as they do in the blood, and they are quite round. 

The noteworthy points concerning the tonsillar tissue in 
the lingual region of E. catesbiana are these: 1) tonsils ap¬ 
pear after transformation in the young adult; 2) they may 
occur on the floor under the tongm*, on the inferior or lateral 
surface of the tongue, and do occur characteristically in the 
dorsal surface of this structure, lint their exact location 
seems to be inconstant and they are not ])aired. On the dorsal 
surface of the tongue, the accumulations usurp the crypts of 
glands, a])parently, and change their aspect entirely (fig. 21). 
The vascular supply is always abundant, but a nerve supply 
cannot he traced. 

It is of interest to note the occurrence of a small accumu¬ 
lation of lymphocytes in the skin on the ventral surface of th(» 
head, underlying the floor of the mouth. It is evidently re¬ 
lated to a small gland a1 that spot. 

Rma sylvatira. Individuals of this species were examined, 
but in none of the stages did the author detect any well-organ¬ 
ized, definite, and constantly occurring tonsils. Small ton¬ 
sillar patches, inconstant in position and quite diffuse in char¬ 
acter, were to be found anywhere on the lateral or ventral 
surfaces of the tongue or in the floor of the mouth immedi¬ 
ately under it (fig. 19). Such patches are not found until 
just after transformation. 

As to the histological character of these structures, it may 
be noted that the epithelium, which is typically ciliated and 
pseudostratified with frequent mucous gland cells, becomes 
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somewhat reticulated and thickened, losing most or all of its 
cilia. These epithelial cells, in general, are very large in pro¬ 
portion to the other epithelial cells in the floor of the mouth 
and to epithelial cells in other forms of anura. In the loose 
and reticulated connective tissue it is possible to see stages of 
cells from a slightly changed connective-tissue cell to a lym¬ 
phocyte in one section. The writer did not note any mitotic 
figures among the lymphocytes and concludes that perhaps 
they arise from the poorly differentiated connective tissue. 
There is always a good vascular supply in the connective 
tissue at the site of the tonsils. 

Ram pipiens and R. palustris. These two forms are so 
similar in respect to the occurrence and character of their 
tonsils that the writer can conveniently discuss them together. 
The tonsils are better developed in these two species than 
they were found to be in Bana sylvatica. They become much 
denser structures, since the accumulation of lymphocytes is 
greater in amount, although here, too, they are inconstant and 
not paired. 

Tonsils in the lingual region are found to occur on the 
ventral surface of the tongue, on the floor of the mouth under 
the tongue, usually where the latter is free and in the tissue 
which joins the tongue to the floor of the month. 

In this form, also, the tonsils do not appear until after 
transformation. They appear as dense little prominences or 
hillocks as figured (figs. 18 and 20). 

The epithelium of the tonsils is somewhat like that encoun¬ 
tered in E. sylvatica. The connective tissue is more fibrous 
than that found in the latter form, but not so fibrous as in 
E. catesbiana. The vascular supply next to the epithelium 
everywhere in the lingual region is very extensive. 

The lymphocytes themselves are of the type described by 
Jordan (T9) as occurring in the blood of E. pipiens. There 
are all gradations from small to large lymphocytes, and occa¬ 
sionally one sees a very large cell with a fairly clear nucleus, 
which might be classed as a lymphoid hemoblast. 
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Hylidae 

Hyla crucifer and Ilyla versicolor. These two species were 
selected as representative of this family. They are very simi¬ 
lar in appearance, and an histological study of them showed 
that they were quite similar in their minute struelure. In 
neither species could the writer locat(* one tonsillar patch at 
any stage. The amount of connective tissue is not great any¬ 
where, and the peculiar epithelioconnective-tissue relations 
(and perhaps vascular relations) which seem to underlie the 
tonsil formation in the other anurans apparently do not exist 
here. 

Since the Hylidae are quite closely related in some respects 
to the Bufonidae, it was rather to he expected that the ton¬ 
sillar tissue might be developed also in Hyla. The general 
appearance of the tongue region is quite similar, and what 
little connective tissue there is, seems much like that found 
in Bufo. It should he added, however, that lymphocytes do 
occur diffusely in the connective tissue about the muscles in 
the region of the tongue and therefore these cells can he dif¬ 
ferentiated in this form. 

Disco alossidae 

Ascaphus trueii. This group is also very closely related to 
the family Bufonidae. The tongue in this form, however, is 
very nearly immovable, and the type of stress and strain set 
up, consequently, might differ sufficiently to account for the 
fact that the occurrence and character of the tonsils found 
in the two groups are not the same. 

No tonsillar tissue could be distinguished in individuals 
that were in the stages through transformation. But in the 
form just after transformation, quite a few small accumula¬ 
tions were noted. At the following sites tonsils were recog¬ 
nized: 1) in the median line in the floor of the mouth above 
the broadest expanse of the hyoid; 2) in a situation on one 
side comparable to the position of the sublingual tonsils in 
the toad (fig. 26); 3) a little inpocketing under the floor; 
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4) small inconstant ones in the floor under the tongue; 5) and 
an occasional one on the upper surface of the tongue. 

The connective tissue is quite altered from its wavy, fibrous 
character, at the site of the tonsils, and a reticular network 
is produced. The condition which Latta (’21) describes as 
occurring in the epithelium over Peyer’s patches in the rabbit 
seems to occur in the connective tissue of Ascaphus truei. 
Around each little lymphocyte a clear space appears which 
can hardly be considered an artifact. The epithelium is less 
altered in the tonsil here than in any other form used in this 
study. The miicous cells persist to quite a large extent. 

An occasional site of accumulations of lymphocytes occurs 
often about and in the connective tissue of the muscle bundles 
in the floor of the mouth in this form. This was also found 
in the toad. Although this fact is not altogether relevant to 
this study, the writer feels that it might be of general interest 
in connection with the problem of the lymphocyte. 

Pelobatidae 

Scaphiopus hammondi and Scaphiopus holhrooki. These 
two species were used as representatives of this family. In 
these forms it was found that no tonsils were developed until 
after transformation. 

In the adult they are fairly well developed as compared 
with such structures in other amphibia. They can be found 
upon the floor of the mouth in the lingual region and on the 
Tinder and lateral surfaces of the tongue (fig. 25). The lat¬ 
eral lingual tonsils found in a 58-mm. individual (figs. 23 and 
24) were best developed and were paired Structures. The 
pair which is of most interest, however, is the one which 
occurs in both the young and old adults examined, and can 
lie considered a sublingual tonsil, although it is far less 
developed than that of the Bufo. 

Histologically, the structure is quite like that observed in 
other anurans, with the exception of the lymphocytes. These 
cells are very small. Possibly this is a generic character. 
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The floor of the mouth of the adult, particularly, resembles 
that of the toad very much. The fold under the liyoid car¬ 
tilage, the size of the ceratoliyal sinus, the position of the 
lingual artery, vein, and nerve, are all very similar. The 
tongue, however, is slightly different, tending to be bifid at 
the jjosterior margin. 


Brcriripitifiar 

Gastrophijne caroHniaush. This family of so-called 
‘small-mouthed’ toads is, according to the systematists, per¬ 
haps least closely related to the Bufonidae of any of the 
groups commonly classed as Moads.’ However, from the 
standpoint of the structure of the floor of the mouth and oc¬ 
currence of the tonsils, tin* members of these families would 
be considered as (|uite closely related. It is obvious, howev(‘r, 
as will appear on comparison of tlu‘ tonsillar relations in 
the different anura, that the tonsils are not trustworthy as 
structures of taxonomic value. 

It is noteworthy that no tonsils can be found until the toad 
is a full-grown adult. Generally speaking, Gastrophyne has 
tonsillar patches only under the tongue, over the hyoid bone, 
and on the floor of the mouth. Paired ones were found in 
these locations: 1) one on either side lying dorsal to the 
connective-tissue septum which joins the manubrium and 
cornu principale of the hyoid cartilage; 2) on the dorsal 
border of the lower jaw about at the junction of the squamous 
and columnar epithelium in the region where the tongue is 
attached to the floor. In one case there was an accumulation 
of lymphocytes in the epithelium of a gland on the surface 
of the tongue. The lymphocytes here were associated with 
almost an equal number of eosinophiles, and the presence of 
the latter would seem to indicate that this occurrence was 
caused by some unusual conditions. 

The pair of tonsils mentioned first is situated quite like 
the sublingual tonsils in the toad, but are considerably less 
developed (fig. 22). 
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DISCUSSION 

(Causes of localized lymphocyte formation 

There still remains one phase of the consideration of the 
tonsil which has been touched upon but slightly. This is 
the problem of the most common and characteristic cell of 
the tonsil—the lymijhocyte. The derivation of this cell has 
been considered, and it was concluded that it was formed from 
the connective tissue. The conditions found wliere the ac¬ 
cumulation of lymphoc 5 des arise have been described, while 
the probable factors behind these conditions were suggested. 
The determination of such factors is clearly of marked im- 
])ortance for understanding the lymphocyte. Why this cell 
form is produced in such numbers in these ])articular locali¬ 
ties is a (piestion of primary interest. 

Some factor of stress or ‘strain’ has been suggested previ¬ 
ously in this })aper as the possible answer to this (piestion, 
when the developmental origin of the sublingual tonsils were 
discussed. This same factor was suggested by Hand (’19) 
to be associated with the lymphocyte formation in the pharyn¬ 
geal tonsil of the calf. The changes which take place during 
tlie period of metamorphosis and which create the conditions 
which cause lymphocytes to be differentiated have been earlier 
enumerated. 

After transformation, it is noted that the sublingual tonsils 
persist at the point of origin after the factors which probably 
give rise to their formation have disappeared. It would 
naturally be expected that there would be a gradual disap¬ 
pearance of these structures as the adjustments were made. 
The explanation not only for their persistence, but for their 
further growth, is to be sought. The ijossibility suggests 
itself that a secondary set of strains arises, as the tongue, 
particularly, develops and functions in a somewhat different 
manner. Eeference to figures 2, 3, and 4 shows that, in the 
adult, this main pair of tonsils is located, one tonsil on either 
side, at a point where there is a lateral pull—due to the at¬ 
tachment of the tongue, and an anteroposterior pull from 
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a point just cephalad of the tonsils, backward. This might 
be a secondary locus of strain. It should be recalled, also, 
that the toad extends its tongue so that it is thrown far for¬ 
ward, wlien the prey is captured. The extension and re¬ 
traction of the tongue at the point described, would exag¬ 
gerate the strain considerably. That this is really the case 
is a difficult point to prove, but the evidence appears strong 
that these conditions, at least in general, may explain the 
persistence of the sublingual tonsils. 

The conclusion which the writer draw’s, then, is that the 
site of the accumulation of lymphocytes is determined largely, 
if not wholly, by purely mechanical factors arising during 
the period of metamorphosis or afterward, and that the per¬ 
sistence may be comprehended on the same basis. 

Relation of Ipmphocyfe to epithelium 

The great infiltration of lymphocytes into the epithelium is 
a second characteristic of the tonsil demanding an explana¬ 
tion. In Amphibia the close relationship of these lymphocyte 
cells to the epithelium is marked. Infiltration of lymphocytes 
into this surface tissue occurs in the tonsils of mammals to 
some extent, but in amphibia the epithelium in the tonsillar 
region becomes so crowded writh these cells (compare figs. 6, 
15, 16, 25) that, in some cases, as in the inconstant and later 
developed tonsils of the toad, the majority of the lympho¬ 
cytes are present in this tissue, and not in underlying con¬ 
nective tissue. The reason for the migration of tlie lympho¬ 
cytes into the epithelium is difficult to ascertain. Two aspects 
(or possible explanations) of the question present themselves: 
is there some character or quality of the epithelium at the 
general or specific sites of accumulations which induces the 
infiltration of lymphocytes into it; or is the case rather that 
the epithelium is more or less passive, and the migration of 
lymphocytes into this surface tissue is caused by factors 
affecting or active in the underlying tissue? 

Concerning the first suggestion, one must consider the 
several lines of evidence which seem to support the idea 
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that infiltration is induced by some character of tlie invaded 
tissue. The question at once arises as to whetlier these 
structures are limited entirely to the epithelium of endo- 
dermal origin. This suggestion may be discarded immediately 
when it is recalled that, in at least one case, R. catesbiana, 
there was noted in this investigation a lympho-epithelial ac¬ 
cumulation associated with the skin—an epithelium of ecto¬ 
dermal origin. Jolly (’19) similarly described a lympho- 
epithelial mass’ in an ectodermal location, as was noted on 
page 404. It follows, then, that the germ layer does not de- 
1 ermine, even in a general way, the tonsil-forming potencies 
of the surface tissue involved. Far more difficull of d(‘tinit(‘ 
answer is the (piestion as to whether there is any character¬ 
istic of the epitlielium at the specific sites affected which 
determines tlie lymphocyte infiltration. Perhaps the struc¬ 
ture of this tissue is different at these particular sites, due 
to causes arising from developmental changes or to condi¬ 
tions arising in the adult stages. There is a suggestion that 
this may be the case in the early development of the sub¬ 
lingual tonsils of the toad. At that perioil there are pro¬ 
found readjustments made in the surface tissue to effect a 
flattening out of prominences. At the site of tlie future tonsil 
there is a noticeable tendency for the epithelium to thicken 
considerably. Fairly similar thickenings occur, however, in 
other places in the general region of tlnj floor of the mouth 
also, and the significance of the particular thickenings at the 
site of the tonsil is hard to estimate. That the epithelial 
tissue has any different structure at the site of the tonsils of 
the more variable and inconstant ty])e is difficult to demon¬ 
strate, since it is impossible to trace back the conditions which 
preceded the infiltration of the lymphocytes. From the large 
numbers of sites at wffiich accumulations of these cells are 
found (for example, in the lingual region in the adult toad), 
it would be necessary to conclude that there are great numbers 
of places in this tissue which in some way differ in their 
characteristics, so that lymphocytes migrate there. Tt would 
seem to the w^riter more probable that the epithelium has no 
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(Icferminative power responsible for lymphocyte accumula¬ 
tions or for its infiltration. 

Attention may be called t o the relation of glands and mucous 
gland cells of the epithelium to lymphocyte infiltration. In 
all anurans tonsils are found at sites where the surrounding 
mucosa contains glands. Often a few cells of the latter type 
will remain fairly unaltered after the lower or surrounding 
epithelial cells will have become radically changed by in¬ 
filtration of these wandering cells. One never finds tonsillar 
structures in a region where there are no glands. They seem 
to be always associated. On the other hand, there seems to 
l)e no evidence of a close relation between the mucous secret¬ 
ing cells and lymphocyte accumulation. The ‘sublingual’ 
tonsil in toads is a fairly definite structure before mucous 
secreting cells can be recognized in the neighboring epi¬ 
thelium. The condition would seem to be, rather, that the 
characters which apparently are in a general way suitable for 
lymphocyte accumulation are also suitable for gland forma¬ 
tion, and that the existence of the two resulting specialized 
structures are not interrelated any more intimately. 

The conclusion is reached, therefore, that the epithelium 
is practically passive in tonsil formation. The infiltration of 
lymphocytes into the epithelium must be due, then, to the 
factors affecting, or active in, the underlying tissue. Judging 
from the observations made upon the material used in this 
study, there are several conditions present which seem to 
off<!r adecpiate explanation for the migration of lymphocytes 
into the epithelium. In the first place, the vascular supply is 
particidarly abundant in the region of the connective tissue 
which immediately underlies the epithelium so infiltrated. 
The lymphocytes have a close relationship to the vascular 
supply, the importance of which will be discussed further. 
Hence these cells are found all about the capillaries, in the 
overlying epithelium, as well as in the surro und ing connective 
tissue. In the second place, the strains and stresses which, 
according to my interpretation, stimulate the formation of 
these lymphocytes have little effect upon the epithelium, since 
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the latter is much folded and plastic, allowing for alteration 
under tension. On the other hand, there seems to be no 
such xjrovision for taking care of strain in the connective 
tissue so that these ‘wandering cells’ migrate into the region 
of less strain. Probably there is some propulsion exerted by 
the connective tissue, pushing the lymplnw^ytes outward. 

And, lastly, the movements of the lymphocytes in this di¬ 
rection do not seem to be checked materially, since ther(‘ 
exists no membrane or limiting striudure beneath the epi¬ 
thelium. 

It seems, however, quite obvious that no one of these con¬ 
ditions or factors, in itself, could adequately explain the 
enormous infiltration of the lymphocytes into the epithelium. 

Function of the tonsillar tissue 

As to the inizzling question of wdiy the lymphocytes are 
present, there are the same possible explanations to be con¬ 
sidered in the amphibia that there are in the other groups 
where tonsils exist. The fact has already been mentioned 
that the cai)illaries leading to venules are crowded with 
lymphocytes, and this strongly indicates that tliese cells are 
added to the blood stream. The capillaries are numerous 
and evidently adequate for the transportation of these leuco¬ 
cytic cells to the venules and veins. Thus it can be safely 
concluded that the tonsils are sites of lymphopoiesis. Mitotic 
figures are frequent, as pointed out in the discussion of the 
histogenesis of the sublingual tonsil. 

Whether the lymyjliocytes have a function in situ is another 
question to be considered. There is no evidence, so far as 
the writer’s investigations have shown, that such is the case. 
There is no indication that the cells are phagocytic, nor that 
tliey have a protective function. None is found to be pene¬ 
trating the outer layer of epithelium to be added to the 
salivary secretions of the oral cavity. As far as can be as¬ 
certained, they are only added to the lymphocytes of the 
general circulation. What their significance there may be 
is a problem quite apart. 
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GENERAL CONSIDERATIONS 
Relation of tonsils to other similar structures 

In this investigation a very simple kind of Mympho-epithe- 
lial’ (Jolly, ’23) structure is the object of study. Because it 
conforms to the essential requirements of a tonsil, according 
to the definition given in the introduction, it has been desig¬ 
nated by that name. In tonsillar structures of as little com¬ 
plexity as these, however, it becomes very obvious that it is 
difficult to distinguish sharply between other lympho-epithe- 
lial structures and ‘tonsils.’ Comparing them in detail, one 
may ask if there are any real differences between structures 
such as the ‘sublingual’ tonsil of the toad and the thymic 
placode of the teleost (or even Petromyzon, perhaps^); or, if 
there is any fundamental difference between these tonsillar 
structures and the Kieraenreste, or the thymus of anura them¬ 
selves, except the detachment of these latter structures from 
the surface. In the case of tonsils and the thymus, at least in 
these lower forms (and very likely the Kiemenreste as well), 
the components are epithelium, connective tissue, and hmipho- 
cytes, and the ultimate position and relationship alone really 
distinguish them. The structures under discussion in this 
paper are called ‘tonsils,’ realizing at the same time that, at 
least, the ‘sublingual’ tonsils, on the basis of their similarity 
of composition and structure, might as justifiably be grouped 
with the thymic placodes. Their difference in place of origin 
from the branchial chamber alone gives a basis for grouping 
them separately. 

formal or abnormal structures? 

Leucocytic accumulations are so frequently associated with 
inflammatory foci that it may be suggested by some that they 
are induced entirely by pathogenic conditions, and are not of 
normal occurrence. Such an explanation is clearly inadequate 
and untenable for the sublingual tonsils, since, as already 

^Wallin (U 7 ) calls these placode structures in Petromyzon * thymus-like. ’ 
Their interpretation is, perhaps, still in doubt. 
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shown, they are constant in a number of forms. Tluiir early 
development begins at quite a definite time and in a definite 
location from definite embryological structures. In the ease 
of the more variable and inconstant tonsillar patches, how¬ 
ever, this exydanation might, as a first impression, seem to 
be justifiable. It would he expected, however, that, if tins 
one factor causes tlie accumulation of lymphocyt(*s, some in¬ 
dividuals would not have any accumulations, while others 
would vary radically in tlie number of ])atches. Such is not 
the case. Altliough the location and size of patches dilTer, 
there is not a great variation in total amount of tonsillar 
tissue in toads of the same age. Tn adults in all families of 
anura excey)t Tlylidae, lymphocyte accumulations are found 
to occur in <‘V(‘ry individual. In the one case, under the 
writer’s observation, in which there did seem to be a sugges¬ 
tion of an unusual condition, possibly y)athologic with an 
accumulation of lymydiocytes, the site was located in a region 
difTereiit from any of the other accumulations, and a large 
number of eosinoi:)hil(*s occurred with the lymphocytes. The 
pathogenic (explanation is thus inadecjuate to explain any but 
such a(*cumulations as the last described. 

(JONCUaiSlONS 

1. Accumulations of lymydiocytes in the connective tissue 
and overlying epithelium in the lingual region exist in all the 
families of anura except Hylidae. 

2. Only in Bufo hav(» they been found to api)ear before 
transformation is eomplet(ed, 

3. Lympho-epithelial structures are inconstant and variable 
in specific location in all forms examined exct'pt for the so- 
called ^sublingual’ tonsils of the species of Bufo, Scaphiopus, 
and Oastrophyne. 

4. The tonsils of anura, in general, arc usually papilliform, 
or hillock-shaped, witli an accumulation of lymphocytes in 
the connective tissue, and epithelium. The latter tissue is 
very much thickened, and greatly infiltrated with lympho¬ 
cytes, while at least the lower layers are reticular. The vas- 
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cular Kupply is always ahundaiit and has intimate association 
with the epithelium. There are no lymphatic nodules, no 
centers, and no boiTiiding connective tissue. 

5. The cells accumulated in the connective tissue and epi¬ 
thelium of the tonsillar region are mainly lymphocytes, grad¬ 
ing from the ‘small’ to the ‘large’ type. 

6. In all the forms it seems to hold that, instead of a de¬ 
crease in the amount of tonsillar material, with age, there is 
actually an increase. 

7. The observations made by the writer confirmed those of 
Kingsbury concerning the developmental origin of the ‘sub¬ 
lingual’ tonsils. They arise from or near the cephalic ventral 
end of pouch II, where two more or less symmetrically located 
elevations exist. 

8. In this same form in the early stages lymphocytes arise 
from the connective-tissue cells (or meseuch 3 rme). 

9. It is suggested that the differentiation of lymphocytes is 
probably duo in some way to a factor of stress and strain, 
arising through adjustments during metamorphosis. A sec¬ 
ondary set of strains is probably produced after transforma¬ 
tion, which accounts for the persistence of the tonsil. The 
reason for the differentiation from the connective tissue of 
lymphocytes, rather than some other type of cell, is, however, 
not clear. 

10. The epithelium of a tonsillar structure seems to be 
more or less passive in determining the infiltration of lympho¬ 
cytes into its boundaries. 

11. The tonsils arc a site of lymphopoiesis. The cells are 
carried into the general circulation through the venous 
system. 

12. The tonsillar accumulations of the anura are very simi¬ 
lar to the thymic placodes of the teleost (Hammar, ’03) in 
respect to their components. Their origin and ultimate posi¬ 
tion alone differentiate them. 

13. Toad tadpoles can be induced to transform prematurely 
without the formation of any tonsils by thyroid feeding. 
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I’LATE 1 

EXPLANATION OP FKJURKS 

2 Bufo borpas, 80-iniii. adult; dorsal aspect of the floor of the mouth with 
tongue removed (attachments indicated by black line). T, sublingual tonsil. 
Photo, X H. 

3 Bufo boreas, 04'mm. adult; same as above. IMioto, X 

4 Bufo americanus, ]l-mm. young adult; swtion of lower jaw through tongue. 
T, sublingual tonsil; V.L,, lingual vein; aS, ceratohyal sinus; A,L.y lingual artery; 
K.L,t lingual nerve; (\ cornu prineipale of hyoid. Photo, X 224. 

f) Sublingual tonsil of 72-mm. Bufo. Note that the tonsil (‘xhibits something 
of a fossa. View of tonsil, lingual, artery, and vein. Photo, X 138f. 

fl and 7 Left and right tonsils of a pair posterior to main sublingual 
tonsil in a 55-inm. toad. The infiltration and thickening of the epithelium is 
very marked. Photo, X 138f. 

8 Small tonsillar patch located in sublingual fold. Toad, 59 mm. Note that 
the lymphocytes are mainly in the epithelium. Photo, X 138 

9 and 10 Left and right sublingual tonsils, Bufo boreas, 97 mm. J., sub¬ 
lingual t(»nsil; M.f manubrium of hyoid; T., cornu prineipale of hyoid. Photo, 
X 7h 
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PLATE 2 

EXPLANATION OP FIGURES 

11 Small tonsillar patch. Bufo boreas. Photo, X 138i. 

12 Developing sublingual tonsil. Bufo americanus, transformanif/ wHh tail 

stump reduced to i mm. Some indication of stretch of connectivfe tissue from 
lingual vein to h;v‘oi<l cartilage. hyoid cartilage. Lingual v^ii> Jierve, and 

artery are on the right of the tonsillar site. Photo, X 282^. I 

I'i Developing sublingual tonsil. Bufo americanus, transforming, tuil stump 
reduced to f mm. Note mitotic figure in the epithelium and lymphocytes around 
capillary. N.L., lingual nerve; /I.L.. lingual artery; 8., ceratohyal lymph sinus; 
M,, manubrium of hyoid. Photo, X 282L 

14 Di*veloi>ing sublingual tonsil. Bufo americanus, recently transformed, 1211 • 
mm. length. Most of the lymphocytes are in the connective tissue. Photo, X 282^. 

15 Sublingual tonsil. Buf<» americanus. Young adult. A venule is shown 
leaving the tonsil (right) on its way to the lingual vein (upper left). Lingual 
vein, nerve, and artery are shown in an oblique row. Cornu prineijj^, of the 
hyoid is in the lower h*ft. 8., ceratohyal lymph sinus; T., part of toni^l. Photo, 
X 158i. 

1(3 Sublingual tonsil. Bufo americanus, nwri. The epithelium if here very 
greatly infiltrated. Something of a tonsillar fossa exists. Photo, xi^f. 

17 Sublingual tonsil, near caudal edge. Bufo americanus, 72 ihm. The 
lyiujihocytes are variable in size. Eosiiiophiles are present. Photo, X 282L 

18 Tonsil on under surface of tongue. Rana palustris, 58 mm. Photo, X ISSf. 

19 Tonsillar patch on under surface of tongU(‘. Rana sylvatica. Adult. 
Photo, X 1383. 

20 Small tonsillar jiatch (m door of mouth beneath tongue. Rana pipiens, 
58 mm. Photo, X 138i. 
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EXPLANATION OP FIGURES 


21 LymphocyHc invasion of glands, anterior to hifureation of tcmgne. Bana 
eatesbiana, large adult. Photo, X 71L 

22 Sublingual tonsil of Gastrophyne. Adult. Photo, X 138J. 

23 and 24 Left and right tonsils of a pair on the sides of the tongue. Seaphi- 

ojms holbrooki, 58'min. adult. Muscle fibers are shown in elose/usioeiation. 
Photo, X 138i. m 

25 Tonsil on undersurface of tongue. Scaphiopus holbrooki, iidiult. 

The inner border of the infiltrated epithelium may be distinctly s(»i^ FJloto, 
X 138i ’ 

26 Tonsil in tioor of mouth. Ascaphus. 4(bm!n. adult. A venunvila % the 
midst of tonsil. The epithelium is but slightly infiltrated. Photo, X 
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I. IN THE AMPHIBIA UKODEEa’ 
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Smith ('oJlvge, Northampton, Masm^husctlM 

SEVEN PLATES (TWENTY FIGURES) 

AUTHOIt a AJISTRACT 

The 8e|)tomftxiIlary bone in described m the vanons families of the iirodeles in which 
it occurs Its identity us a hilherio unr€H*oKniz<*d cartiluK<‘ Iwine of the skull is established 
and its close relationship with tin* nasal muscles followed throujch the group Its presence 
or absenee, which is found to be another criterion for the recent classification of the 
urodeles as proposed by Dunn and iliggins, is correlated with the development of the 
accessory dilatator muscle, since U oc<urs only in groups w'here this muscle attains an 
appreciable size. 
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INTRODUCTION 

Up to tho prosont time, the bony element of the nasal region 
in certain groups of the lower vertebrates, now usually de¬ 
scribed as the ‘septornaxillary,’ lias received little or no atten¬ 
tion from the various investigators in this field, even its na¬ 
ture and origin liaving been given controversial description. 
According to Gaupp (’05), ‘‘Parker nennt ihn Septomaxil- 
lare” in the frog, without comment as to its name. Tt was 
first described and named ‘cornet’ by Ant. Diiges (\‘15).^ (hi- 

* This papt^r is no. 148 of the contributions from the Department of Zoology of 
Smith College. 

*‘*De8 Cornets:—Nous nommons ainsi deux petits os, form(»s d^une lamelle 
repli6e, courb^s en jdusieurs sens, situ^s au cote interne et a I 'extr^mite anterieure 
de ehaque maxillojugal, (^es osselets sont suspemdus dans un cartilage qui n’est 
q^uno d^pendance de Hethmoide, et cette eirconstance est bien favourable 

k notre, determination. Ajoutez k eela leur forme, leur situation, coinparee 
k colle des cornets dt?8 lizards, et 1'analogic deviendra 6vidente; elle ne I'est pas 
moin si on les conijiare k ceux de la c^*elie que nous avons trouvf^s attaches au 
devant de son othmoide. Toutefois M. Guvier les regarde comme des os nasaux 
rudimentaires et d^form^s." 
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vier (1817) %iires the turbiiials in the skull of ‘Le Grande 
Python de Java/ and calls them ‘les cornets inferieurs/ Ac¬ 
cording to Ecker (’64),-^ he described the little bones in the 
skull of the frog as fixed outside the nasal cavity; Ecker sup¬ 
poses that he confused them with the nasal cartilages found 
ill this situation, and that Duges correctly observed them 
in^side the nasal cavity. The next account is found in the 
early paper of W. K. Parker (72), (to which reference has 
already been made).^ In his paper on the Skull of the Com¬ 
mon Snake (79) he suggests the homology of the septomaxil- 
lary of the amphibians and reptiles with the preorbital bone 
of the ganoid and siluroid fishes: “muco-dermal bones,’’ 
‘‘specialised in the Amphibia and Reptiles to assist in walling 
in and flooring of the more perfect nasal labyrinth.” 

It was described by Born (76) as a lacrimal because of 
its relation to the nasolacrimal duct, and he homologizes it 
with the uniform prefrontal of the urodeles, explaining its 
more complicated form in the anurans as due to the general 
process of infolding which has affected the structure of the 
entire nasal region in the group. In his revision of Ecker’s 
and Wiedersheim’s “Anatomie des Frosches,” Oaupp (’04) 
remarks that the position of the bone inside the nasal cavity 
does not make a homology with the lacrimal bone probable. 
He therefore gives it the new name of ‘Intranasale.’ In 1905, 
he again attacks Born, this time on the homology of the bone 
with the prefrontal of the Urodeles, He points out that the 
inaccuracy of this view is shown in the fact that some uro¬ 
deles possess a ‘septomaxillary’ in the same position as in 
the anurans besides a typical prefrontal. Ample evidence 
for this statement has been furnished by Parker in his numer- 

Haslam’s translation of Krker’s ** Anatomie des Froschcs.^' Oxford, 1889. 

* ‘ ‘ The, sopto'maxillary is not easy to understand; it appears above as a littlo 
jfniln of bono jammed in l)etwwn tho nasal process of the pre-maxillary and 
the facial plate of the maxillary in front of the outer nostril. Below, it is seen 
as a little curled spicule of bone in the inner nostril. A transversely vertical 
section seen from behind, shows that it is more than half a tube, lining the front 
of the nasal passage and sending down a curled i^roeess which can be seen from 
the palate. Another section s1k»ws how it rests upon the nasal cartilage, outside, 
close behind the little valvular liap which partly occludes the external nostril. 
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ouH urodelan studies, and also by later workers. Gaupp con¬ 
cludes by saying that he regards the homology of the septo- 
maxillary in the anurans, urodeles, and sauropsida as 
settled, and renounces his term ‘Intranasale,^ in favor of 
the older designation of Parker. 

Born also homologized the septomaxillary with the lacrimal 
of the Amniota; this was questioned by P. and F. Sarasiii 
(Gaupp, ’05), and by IMer (’98), whose hypothesis that the 
septomaxillary corresx)onds to an anterior or ‘front’ x)re- 
frontal has not received much support. The fact that the 
Sauropsida possess, besides a X)refrental and a lacrimal which 
is perforated by a nasolacrimal duct, also a septomaxillary in 
a similar j)osition to that in the Anura is oi3X)osed to this 
vi(‘w of Born. 

The first x)ax)er enlirely devoted to the consideration of 
the sefdomaxillary was publishe‘d by Hugo Fuchs (’ll). His 
main thesis is the homology of the septomaxillary of the Am¬ 
phibia and Rei)tilia, which he treats only in summary manner, 
with the anomalous nasal floor bone of Dasypus among the 
mammals. He bases his homology to a certain extent on pale¬ 
ontological evidence. The fact that the bone is missing in 
the Anomodontia, but occurs in the Therocexdialia and xjrob- 
ably in all the Cynodontia, strongly supyiorts the probability 
that the x)romammals also possessed the bone. The proof of 
the conjecture that the bone persists from the promammals to 
the mammals, exists, he believes, in the ‘nasal floor bone’ of 
Dasyxms first descril)ed by Broom who suggested the homol¬ 
ogy, but only gave it very slight consideration. Fuchs inves¬ 
tigated the embryology of the bone in Dasypus and found it 
similar in many respects to Hatteria and Lacerta, especially 
to Hatteria in its relations with the nasolacrimal duct. 

He refers to Gaupxi’s theory that the septomaxillary in 
mammals is fused with the premaxillary; the grounds for the 
hypothesis being the independent origin of the two parts of 
the premaxillary, the processus palatinus and the processus 
extranasalis, the latter being the supposed fate of the septo¬ 
maxillary. Dasypus, however, has a processus extranasalis 
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prcaemaxillaris as well as a septomaxillary, near which it 
arises. One must therefore of necessity assume that the 
processus extranasalis is of diverse origin in the monotremes 
and ditremes. Fuchs does not accept this, and in consequence 
cannot recognize a septomaxillary in the processus extra¬ 
nasalis for the Ditremata. 

Regarding the septomaxillary in the urodeles, although in 
his various papers on the group, Parker figures and describes 
it with much accuracy as a little ‘graniform’ structure in 
relation to the maxilla, in Amblystoma, Desmognathus fusca, 
Triton cristatus,’'^ Salamandra maculosa,"* Notopthalmus viri 
descens, C/ynops pyrrhogaster and Spelerpes rubra, Wieders- 
heim (’77), Cope (’89), and other writers in the last quarter 
of tlie past century omit the bone in many of their figures and 
descriptions. Bruner (’Olb), in a description of the general 
anatomy of the nasal region of the Salamandrina, refers to 
the bone under the name of ‘intranasale’ in some detail.^ This 
author also describes the nasal muscles and tfieir relation to 
the bone, but with certain inaccuracies as will be seen later. 

Noble (’21) remarks that ‘‘Its presence or absence should 
have as much morphogenetic significance as the presence or 
absence of the prefrontal. . . . There still remains to be 
pointed out the wide occurrence of this element in the sala 

" I have been unable to find any trace of the septomaxillary either in Sala¬ 
mandra maculosa or in Triton helvetieus (see description and figures). 

•**From the caudal end of the nasal muscle thickening [in Triton alpestris], 
a slight prominence, representing the turbinal of Wiedersheim and Born, extends 
to the po8teri(>r wall of the nasal cavity. The turbinal is supported by the 
planum terminale, which is slightly bent into the nasal cavity. In certain species 
(Plethodon erythronotus, Amblystoma tigrinum, Desmognathus fusca) this tur¬ 
binal is strongly developed, and its anterior end is supported by a small bone, 
the intranasale, which lies in the caudal end of the fenestra rostrolateralis. Tn 
Plethodon the intranasale has a simple tubular form and its caudal margin lies 
in close contact with the edge of the planum terminale, excepting where it is 
excavated to provide a passage for the ductus naso-lacrymalis. In Amblystoma 
occurs a similar, but much deeper, excavation and the intranasale, which is 
larger in this species, is thereby divided into two arms, one of which lies above 
and medial, the other below and lateral, from the ductus nasolacrymalis. The 
dorsal arm of the lacrymale lies in contact with the cartilage obliqua, the ventral 
arm rests on the floor of the cartilaginous nasal capsule.*’ 
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manders and tlie possible signilicanec of its occasional ab¬ 
sence/’ 

II. H. Wilder (’23) speaks of the septomaxillary, “found 
as a cartilage bone in the midst of the very complicated car¬ 
tilaginous nasal network of frogs and toads.” 

Kingsley (’25) refers to the septomaxillaries as ‘cranial 
membrane bones.’ 

I. W. Wilder (’25) figures the element in Eurycea bislineata 
as a cartilage bone and describes it as follows: 

The latoro-posterior margin of the external nasal aperture of the 
cartilaginous capsule is strengthened by a small bone, the homology 
of which is, in my opinion, by no means established but which is com¬ 
monly called the ‘septo-maxillary/ This bone, which in Eurycea, 
at least, boars a definit(* relationship to the muscular apparatus for- 
opening and closing the naris, is here of wholly cartilaginous origin 
although it has been repeatedly referred to by various authors 
(Parker, 1871; (Jaupp, IfKlf); Noble, 1921) in this or related forms 
as one of tin* dermal bones. 

The homology of the anterior cranial elements of the verte¬ 
brate skull in the various grouyis still provides material for 
much controversy among comparative anatomists. Wo find 
the literature appertaining to the septomaxillary suggestive 
rather than conclusive. The following investigation attempts 
the determination of the nature of this bone, its occurrence 
and anatomical relations in the Amphibia Urodela. 

1 wish to thank Mrs. 1. W. Wilder for the loan of sections 
and the provision of certain material and also for her kind 
interest; Dr. E. li. Dunn for material; and Dr. H. H. Wilder, 
under whose direction the work has been carried out, for 
valuable advice and criticism. 

MATERIALS AND METHODS 

The method of procedure, in brief, has been the combination 
of observations of in toto preparations with the study of 
serial sections. Preparations of the skulls by Noble’s modifi¬ 
cation of the Schultze KOH method (the staining of the bone 
with alcoholic alizarine before clearing in glycerin) were made 
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in all possible cases, and the septomaxillary thus studied in 
its relationship to the other bones of the skull as a comple- 
mental whole. Some of the specimens used for these in toto 
preparations were fresh,^ but many were preserved in for¬ 
malin,^ makinfc the process of preparation much longer. 

Where the size of the animal has made it practicable (in¬ 
cidentally, this has included all the examples found to possess 
a septomaxillary), the above method has been followed by 
the study of serial sections in transverse and occasionally 
(where material has permitted) in horizontal and parasagittal 
planes. The fresh specimens were killed in chloretone or 
chloroform and fixed in Bonin’s fluid. For decalcification, a 
saturated solution of picric acid to which 1 per cent HNO^, had 
been added, was used in all c^ses. The sections, which were 
cut either 10 p or 15 p thick, were stained on the slide with 
Delafield’s haematoxylin counter stained with eosin. Bruner’s 
nomenclature has been adopted to a large extent. 

In working through the Urodela by these methods, I have 
used Dunn’s classification (’22) and have examined some 
thirteen examples, representative of the different families, 
for the presence of the 8ej)tomaxillary bone. 

Mutabilia 

Salarnandroidca 

1. Aniblystomidae, Dicamptodon, Rhyacotriton, 

Ambly stoma.® 

2. Salamaudridae, Salamandra,® Chioglossa 

Tylototriton, Pachytriton, 

Pleurodeles, Triturus,® 

Salamandrina.® 

3. Plethodontidao, Desmognathus,® Leurognathus, 

Plethodon,® Ensatina, 

Hemidactylium,® Aneides, 
Batrachoseps, Stereochilus 
Typhlotriton, Typhlomolge, 
Gyrinophilus, Pseudotriton, 

Eurycea,® Hydromantes, 

Oedipus, Oedipina. 

’ DesmognathuB, Eurycea, Necturus. 

* AuiblyBtoina, Salamandra, Amphiuma, Hynobius, Cryptobrancbua, Siren. 

® ITsed as examples in this jmper. 
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Aniphiumoidea (relationships uncertain, possibly should stand as a 
family under Salamandroid(^a) 

4. Amphiumidae, Amphiuma.** 

Cryptobranchoidea 

5. Ilynobiidae, Hynobius,** Pachypalaminus, 

Onychodactylus, Ranodon, 
Batraehuperus. 

6. ("ryptobranchidae, Mefi:alobatrachus, Cryptobranehus.® 
Proteida (relations uncertain) 

7. Proteidae, Necturus,” Proteus. “ 

Meantes (relationships uncertain) 

Sirenidae, Siren,** Pseudobranehus. 

I>ES(’RIPT10N 

A mhlysiomidae, Amblysioma wandafiim 

In the cleaml skull x^^ppi^nilion (fig. 2) tlie soptomaxillary 
af)ppars as an c‘lorigat(*d, curved ossification in the nasal 
capsule, in the angle between the nasal bone and the maxillary. 
The prefrontal, which touclies the apex of this angle, is 
pierced by a canal which proves to be in line with the canal 
provided by the septomaxillary. This^‘^ is the course of the 
nasolacrimal duct, whose elongated,* markedly anterior open¬ 
ing into the nasal sac is completely x>rotected by the ‘wrap¬ 
ping round’ of the septomaxillary (fig. 3). The actual en¬ 
trance of the duct into the nasal capsule is through an exca¬ 
vation between the two posterior arms of the septomaxillary 
and the planum terminale. The general relationships of the 
nasal muscles are of the type common to the Salamandroidea 
(fig. 1), though they are comparatively larger in size: the sep¬ 
tomaxillary ossification, which serves for their partial origin, 
is more extensive, probably, in correlation with this fact. 

The crescent-shaped musculus constrictor naris, winch 
bounds the posterior border of the external nasal opening and 
covers in the posterior border of the fenestra rostrolateralis, 
is inserted medially in the cartilage obliqua and laterally in 
the subcutaneous connective tissue and in the upper surface 
of the septomaxillary: it tapers posteriorly, becoming smaller 

‘®For development, Bee Noble (*21). 
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and smaller, connecting the upper, inner edge of the septo- 
maxillary and the cartilago obliqua. The musculus dilatator 
naris accessorius arises from the outer convex surface of the 
septomaxillary and extends anteriorly to its insertion in the 
posterior lateral border of the external nasal opening. While 
this muscle is external to the nasal capsule, the musculus 
dilatator naris proper is internal: the latter arises from the 
planum terminale just behind the level of the anterior end 
of Jacobson’s organ, and also in part from the upper medial 
edge of the septomaxillary. It passes forward directly below 
the constrictor naris, and just lateral and ventral to the car¬ 
tilago obliqua, until it reaches its point of insertion in the 
medial posterior border of the external nasal opening. 

The nasolacrimal duct, of which the relation to the septo¬ 
maxillary has already been described,'^ opens into the pos 
terior ventral corner of the fenestra rostrolateralis. The 
anterior extremity of Jacobson’s organ lies behind this open¬ 
ing, and the organ, lying in the fenestra lateralis is protected 
by the ascending ramus of the maxilla. 

The septomaxillary is an ossification of the anterior border 
of the planum terminale at the posterior border of the 
fenestra rostrolateralis; the continuity of bone and car¬ 
tilage is seen in only three or four of the posterior sections 
(in the transverse plane), probably owing to the fact that in 
Amblystoma the bone shows a much higher development than 
in the other forms with a consequent obscuring of its deriva¬ 
tion. The process of ossification of the cartilage must there¬ 
fore be sought in the larval and metamorphic stages. 

Salamandridae, e.g., Salamandra maculata, Triton helveticus 
{Triturns), Salamandrina perspicillata 

In liis study of the morphology of the skull in the Amphibia 
urodela, Parker (’82 b) figures Salamandra maculosa (macu¬ 
lata) with septomaxillary between the premaxillary and the 
maxillary, saying that “at the junction of these bones, and 


“ See also Bruner ^s description, quoted in the introduction. 
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outside the external nostril, there is a small graniform septo- 
maxillary.” In my study of three examples from Baden, Ger¬ 
many, 1 have been unable to find a trace of the element either 
in the cleared in toto preparation of the skull (fig. 4) or from 
sections (fig. 5). The three nasal muscles are present: the 
musculus constrictor naris lies round the posterior lateral 
bord(‘r of the external naris (as in Amblystoma); it is large 
and thick, arising from the lateral and dorsal nasal cartilage 
surrounding the fenestra rostrolateralis, and in part from 
connective tissue: the musculus dilatator naris accessorius is 
here V(*ry short and does not extend posteriorly as far as the 
constrictor muscle; it arises from the ventral nasal cartilage 
surrounding the fenestra rostrolateralis and passes anteriorly 
to be inserted in the lateral posterior border of the (»xternal 
naris: the musculus dilatator naris, which lies exclusively 
inside th(» nasal capsule, arises from the internal surface of 
the planum terminale and, with the covering of nasal tissue, 
forms the so-called ‘turbinal prominence’ of the nasal cavity; 
it passes anteriorly underneath the constrictor naris to be 
inserted in the posterior border of the external naris just 
dorsal and internal to the dilatator naris accessorius. It seems 
possible that Parker may have mistaken a projection or splin¬ 
ter of the maxillary for a septomaxillary, the older methods 
of study giving many opportunities for faulty observation. 

The nasal region of Triton helveticus shows many similar 
features to that of Salamandra maculata (compare figs. 5 and 
6): the septomaxillary bone is lacking, but in addition the 
dilatator naris accessorius is almost entirely atrophied. 

My material of Salamandrina perspicillata is rather 
meager: from an alizarin preparation of a dried specimen 
restored by the KOH method (figs. 7 and 8), 1 was able to 
study in toto the details of the skull. A fragmentary series 
of old sections begins at about the region depicted for Triton 
and Salamandra, and there is no trace of the dilatator naris 
accessorius, which, according to Bruner, is absent. The dila¬ 
tator naris is very small. Thus in the Salamandridae, so far 
as studied by me, is seen not only an absence of the septo- 
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maxillary, but also a range of variation from a form in which 
the musculus dilatator naris accessorius is comparatively 
large to a form in which it is wholly lacking. 

Plefhodontidae, e,g.f Desmognathus fusca, Eurycea hislineata, 
Hemidactylmm srutatum, Plethodon cinereus 

Of the four examples of this group, I^lethodon has been 
studied the most extensively, transverse, horizontal, and para¬ 
sagittal sections having been used to check observation of in 
toto x)reparations (fig. 11). 

The septomaxillary appears as a lateral ossification of the 
nasal cartilage and bears close relationship to the three nasal 
muscles. The musculus constrictor naris is crescent-shaped 
and lies in the posterior portion of the fenestra rostrolater- 
alis, occupying the posterior border of the external nasal 
opening. According to Bruner (^01 b), it is inserted medially 
in the margin of the cartilago obliqua; though my prepara¬ 
tions show this to be true anteriorly, more posteriorly the 
majority of the fibers are inserted into the connective tissue 
of the nasal epithelium or in the underside of the cartilago 
obliqua. Variations in the skulls of the different species of 
Plethodon may, however, allow the veracity of both these 
observations. Laterally, the muscle is inserted in the ventral 
margin of the nasal cartilage. Posteriorly, it is flanked by 
the septomaxillary which joins the cartilago obliqua and the 
ventral nasal cartilage, being an ossification of the posterior 
border of the fenestra rostrolateralis. The musculus dila¬ 
tator naris lies inside the nasal capsule, originating in the 
anterior end of the planum terminale, dorsal to the opening 
of the nasolacrimal duct into the nasal cavity. It passes 
forward dorsally, lying underneath the cartilago obliqua; 
then, interrupting the nasal tissue, dividing the organ of 
Jacobson from the main nasal sac, it continues beneath the 
constrictor naris to its insertion in the posterior medial bor¬ 
der of the external opening. The musculus dilatator naris 
accessorius (figs. 9 and 10) arises from the ventrolateral 
portion of the bridge which separates the fenestra rostro- 
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lateralis from the fenestra lateralis, from the septomaxillary 
(os intranasale of Bruner), an ossification of the anterior 
border of this brid^^:e, and in a slij 2 :ht measure from the ventral 
nasal cartilage. This muscle is exclusively external to the 
nasal capsule; it passes over the anterior border of the septo¬ 
maxillary. external to the dilatator naris, and over the dorso¬ 
lateral of Jacobson’s or^an to be inserted in the postero¬ 
lateral marj^in of the nasal opening. 

The nasolacrimal duet passes over the j)refrontal and, turn¬ 
ing back on itself slightly, bends into the nasal capsule, pierc¬ 
ing the cartilage at the ])osterior corner of th(^ fenestra rostro- 
iateralis. Tlie oxiening is tlius bordered slightly anteriorly 
and medially by the septomaxillary. 

The septomaxillaries of Desmognathus fusca (figs. 12 and 
13) Eurycea bislineata (figs. 14 and 15), and Ilemidactyliurn 
(fig. 16) have very similar relations to the nasal muscles, and 
the description for l^lothodon is applicable with very little 
modification. The size of the bone varies considerably in the 
family: very large in Hemidactylium,^*-^ it diminishes some¬ 
what in Plethodon, is smaller in Eurycea, and is minute in 
Besmognathus, where the dilatator naris accessorius is cor¬ 
respondingly very small. 

Bruner (’01b) classed Speler])es (Eurycea) apart from 
Plethodon, saying that in Salamandrina, Spelerpes, and Die- 
mictylus, the dilatator naris accessorius is absent. My inves¬ 
tigations have shown this to be untrue for Eurycea 
(Spelerpes) bislineata, there being definitely such a muscle 
with function and relations comparable to the condition found 
in Plethodon, though the septomaxillary in this case is rather 
smaller and the muscle insertion less extensive. 

Hynohiidae, <\g., Hynohins leechii 

The condition of the septomaxillary bone in Ilynobius (figs. 
17 and 18) shows considerable resemblance to that in Am- 
blystoma; it lies in the posterolateral corner of the fenestra 
rostrolateralis and shows continuity with the ventral nasal 


«S©e Noble (»21). 
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cartilage. In all probability, it arises as an ossification of 
the posterior wall of the fenestra rostrolateralis, as in the 
Plethodontids. It takes the form of a short horizontal tube, 
the sides being longer than the dorsal and ventral surfaces, 
both anteriorly and posteriorly, owing to the fact that the 
nasolacrimal duct enters the tube posterodorsally and leaves 
it to enter the nasal sac anteroveiitrally. 

The m. constrictor naris is a large muscle curving round 
the posterior border of the external narial opening; the trans¬ 
versely running posterior fibers insert laterally in the medial 
border of the septomaxillary. The course of the muscle is 
ventrolateral to the cartilage obliqua, and it diminishes in 
size posteriorly in the connective tissue beneath the planum 
terminale. The m. dilatator naris is noticeably small and 
short, apparently arising in the inner fibers of the constrictor 
naris and passing forward to be inserted in the posterior bor¬ 
der of the external naris. The smallness of this muscle is, in 
all probability, correlated with the large size of the dilatator 
naris accessorius, which arises more posteriorly from the 
cartilaginous bridge joining the cartilago obliqua and the 
ventral nasal cartilage, and in part from the outer border of 
the septomaxillary; it is inserted in the posterolateral margin 
of the external naris. 

Amphiumidac, e.g., Amphiuma tridactylum, Cryptobranchi- 

dae, e,g., Cryptohranchus allegheniensis, Proteidae, e.g,y 

Proteus anguinus; Necturus maculosus, Sirenidae, e.g.. 

Siren lacertina 

As regards the other four families of the Urodela, the Am- 
phiumidae, the Cryptobranchidae, the Proteidae, and tlie 
Sireiiidae, I have examined the skulls of representative ex¬ 
amples as listed above by the alizarine and KOH method 
and find the septomaxillary wanting in all cases. I. W. 
Wilder (’09), in summarizing her paper on ‘‘The lateral 
nasal glands of Amphiuma,” says: “Among the lower uro- 
deles Proteus and Amphiuma alone possess the homologues 
of external nasal glands, while the occurrence of nasal con- 
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fitrietor and dilatator muwcles is limited to Cryydobrandms 
and Amphiuma.’^ 

She also gives a very eompreliensivo description of these 
muscles which T have reviewed from sections through the 
nasal region of these forms. In addition, I have been aide to 
examine serial sections tlirough this region in the other exam¬ 
ples cited. 

Only in Cryptobranchus and Amydiiuma, as aforemen¬ 
tioned, is the musculature organized to any a])i)reciable extent, 
and even here 1 was unable to perceive any development which 
could be regarded as the more ext(u*nal, accessory, dilatator 
muscle. 


The nature af the septowaxillary bone 

Hitherto, the septomaxillary lias been classed, by most 
authors who hav(» described it, as a membrane bone, along 
with the other membrane bones of the skull. Parker, in his 
various papers, jdaces it in his description of the maxillaries, 
prefrontals, nasals, parietals, etc., obviously assuming it to 
be of the same origin; (iaupp (’05) describes it under the 
heading H)eck-knochen.’ On the other hand, H. H. Wilder 
(’23) and I. W. Wilder (’25) suggested its cartilaginous 
origin. 

From the close study of serial sections through the nasal 
region of various forms, the intimate connection between this 
bone and the nasal cartilage makes this latter theory more 
probable. The continuity of the bone with the cartilage in 
the case of the septomaxillary shows an almost identical rela¬ 
tionship with that of the developing orbitosphenoid, a recog¬ 
nized cartilage bone, leading one to the conclusion that the 
septomaxillary is a hitherto unrecognized cartilage bone or 
ossification of the cartilaginous yirimordial skull. The small¬ 
ness of the bone in most forms and the lateness of its develop¬ 
ment make the observation of stages in the process of the ossi¬ 
fication rather difficult; but the fact that none of the other 
membrane bones are ever seen in contact or in continuity 
with cartilage and are always separated from it by flattened 
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connective-tissnc cells makes j?ood supporting evidence for 
the theory. P'^igures 19 and 20 show the comparative ossifica* 
tion of the orbitosphenoid and septomaxillary of Plethodon 
and Eurycea, as seen in transverse section. The condition 
is likewise apparent in Hemidactylium, Desmognathus, and 
others. The ossification of the prootic and the opisthotic in 
the cartilaginous otic capsule shows exactly similar continuity 
between the bone and cartilage. 

This consideration of the nature of the bone brings up a 
very deep problem of morphology, namely, the origin of the 
bony skeleton. It is now generally accepted that the more 
superficial bones of the vertebrate skull have arisen in the 
course of evolution from the basal plates connected with 
placoid scales. This spreading inward of bone-forming ac¬ 
tivity in the connective tissue seems to be possible for rela¬ 
tively great distances. Thus a possibility presents itself that 
the deeper parts of the bony skeleton may also have arisen 
in evolution by the spreading inward of bone-forming activity 
from the skin. At the present moment, therefore, it is hardly 
wise to draw any line between cartilage or ‘replacement’ bones 
and membrane or ‘skin’ bones. I wish, however, to point out 
that direct ossification of the cartilage in the nasal region 
gives rise to the septomaxillaries in certain Urodela, and 
makes them, in the terminology of the old classification ‘re¬ 
placement’ bones. It is possible that in the higher forms 
there may be both an ossification of the cartilage and a laying 
<lown of bony tissue of dermal origin, thus producing a com¬ 
bination of ‘replacement’ and ‘skin’ bone. The line dividing 
the two is thus very arbitrary. 

SITMMABV 

While the septomaxillary appears to be entirely lacking in 
the Amphiumoidea, the Proteida, and the Meantes, it is pres¬ 
ent in the Salamandroidea and in the Cryptobranchoidea. 
The former of these two groups possesses the bone in two of 
its three families, namely, the Amblystomidae and the Pletho- 
dontidae, but not in the Salamandridae; the latter in the 
Hynobidae, but not in the Cryptobranchidae. 
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From the study of the bone in its greater and lesser de¬ 
velopment, and observations of the corresponding size of the 
nasal muscles, it seems that the function of the bone is pri¬ 
marily for the origin of the musculns dilatator naris acces¬ 
sorius, since this is reduced in such forms as Salamandrina, 
Triton, and Salamandra, where the bone is absent. This 
condition has been explained as “due to a crowding out by 
the ascending ramus of the maxilla or the nasal which hav(‘ 
apparently shifted forward” (Noble, ’21); but in the above- 
mentioned forms, these elements show no tendency to take 
ov(u- the function of the lost bone, the accessory dilatator 
muscle, if j)resent, taking its origin from the ventral nasal 
cartilage. In forms where it has become more highly devel¬ 
oped in correlation with tlie increased size of the muscle, its 
proximity to the nasolacrimal duct has beiui the cause of its 
‘wrapping round’ (a term commonly used in the older de¬ 
scriptions), thus apparently serving secondarily as a means 
of protection for this structure. 

T]w occurrence of the bone in certain groups of Urodela 
and not in others falls into line with the following observa¬ 
tion and classification by Higgins (’19) on the basis of the 
nasal capsule: 

The nasal capsules of several famili(‘s of Urodeles afford a basis for 
the division of this order of Amphibia into four groups, founded 
upon similarity of larval structures and the Tnethod of chondrifica- 
tion. . , . Of these groups, Spelerpes, l^lethodon and Amblystoma 
form one; Salamandra, Triton and Diemictylus anotluu*; Amphiuma, 
although remote from Cryptobranchus in the later stages, is included 
with it in the third; while Necturus remains alone in the fourth 
group. 

To recognize in the nasal capsules of the Urodela a complete 
phylogenetic development or gradual transition from one animal to 
another is impossible, for many gaps exist concerning which evidenct\s 
of structural relationships are wanting. On the other hand many 
resemblances in the development of certain structun^s in th<» nasal 
capsule may throw some light upon the inter-relationships of this 
Amphibian order. 

Of the Urodeles included in this study, it would seem as if the 
capsule of the American species of Cryptobranchus possesses char- 
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acters most ancestral and which show' relationships to both Urodela 
and Anura. Regardinj? Crj’^ptobranchus, then, as mon^ primitive, 
Spelerpes, Plethodon and Amblystoma appear in an ascending series 
from the more primitive condition; while Salamandra, Triton and 
Diemictylus are separated from them, but possibly related to them 
through some form like Spelerpes, Necturus may be regarded as a 
neotenic condition of Spcl<;rpes, while Amphiuma is possibly reduced 
from the more primitive Cryptobranchus. 

Without entering here into tlie discussion of certain implied 
interrelationships of the various Urodela in their evolution, 
concerning which, wxu*e other data considered, there wxuld 
undoubtedly be considerable difference of opinion, it is sig¬ 
nificant to note that of the four groups of the urodeles estab¬ 
lished by Higgins, upon the basis of the cartilaginous nasal 
capsule, only one, according to my owui observations, pos¬ 
sesses the septomaxillary. The ‘^ascending series from the 
primitive condition” in Spelerpes (Eurycea), Plethodon, and 
Amblystoma is seen in the development of the })one in the 
respective examples. 

Tn conclusion, the septomaxillary of Urodela is found to be 
an ossification of the cartilage in the posterior wall of the 
fenestra rostrolateralis w'hich provides primarily for the par¬ 
tial origin of the musculus dilatator naris accessorius, and, 
secondarily, in the higher development, w^raps round the naso¬ 
lacrimal duct. 


LITEKATURE CITED 

Born, G. 1876 Ueber fli(« Nasenhdhlen und den Thranennasengnng der Am- 
phibien. Morph. Jahrb., Bd. 2, H. 4. 

Bruner, Henry L. 1901 a Desenption of new facial muscles ip Anura, with 
now observations on the nasal muscles of the Salamandridae. (Ab¬ 
stract.) Proc. Indiana Acad. Sc., IndianaiK)lis, 1897. Reproduced in 
Anatom. Anzeiger, Bd. 15. 

- 19011) The smooth facial muscles of Anura and Salamandrina, a 

contribution to the anatomy and physiology of the respiratory mechan¬ 
ism of the Amphibians. Morph. Jahrb., Bd. 29, H. 3. 

- 1914 The mechanism of pulmonary respiration in amphibians with 

gill clefts. Morph. Jahrb., Bd. 48, H. 1. 

c:oPE, E. 1). 3889 The Batrachia of North America. Bull. IT. 8. Nat. Hist. 
Mus., no. 34. 

OuviER, M. LE Cher 1817 I^e regne animal distribud d’Apres son organisation. 
T. 4. Paris. 



SEPTOMAXILLAIJY IN AMPHIBIA ITRODELA 


457 


l)lTGi:s, Ant. 1835 Recherclios sur ]’osteolofjio ot Ri luycjlofjic dos Hatra<*H*ns 
a lours diff6rona A^os; proHojit^‘<‘H a 1’AoatR^iiiio R(\\al(‘ <los Soioacos, 
Paris. 

Dunn, K. R. Th<* sound transmitting apparatus of tho Salamanders and 

the phylogeny of the Paudata. Ainer. Naturalist, voJ. 56. 

Eiu’HS, Hugo 1911 DoIkt das Septomaxillare eines rezenten Saiigetieres (Dasy- 
pus), nebst emigen vergleieliend anatomisehi'n Demerkuiigen iiber das 
Septomaxillare iirid Praeinaxillare der Amrnoten iiberhaupt. Anat. 
Anz., Bd. 38. 

(tAUPP, E. 1964 Eeker^s und WiedersheinPs Anatoini<> des FroMelu‘H (’96). 
3, Aufl. Tiearbeitet von Gaupp. 

-- . 19(15 Die Entwiekeluiig des Kopfskelettes. llertwig\s lOntw. diT 

Wirbelt., Hd. 3, H. e. 

Hkjoins, G. M. 1919 The irisal organ in Amphibia, t’ontribiitions Zool. Lab. 
I’niv. Ill., no. 171 

IluxiiKY, Thomas 1L 1859 On the theor’, of the viTtebrate skull. Tin* Groo- 
niaii Leeture. Priiceedings of the Royal Society of London, vol 9. 

KiNcjsr^FY, J. S. 19*J5 The vertebiate skeleton. Philadelphia. 

XonuK, G. K. 19‘J1 The anterioi cranial elemi'iits of Oedipus and certain 
othi'r salamandiTs. Bull. Ainer. Mus. Nat. Hist , vol. 44, 

PMtKF.K, W. K 1872 On the structun* and <l<‘\elopinent of the skull of the 
ciniirnon frog (Raiia teiriporaria). TMiilosojihical Transactions of the 
Royal Society of liondon, vol. 161. 

- 1876 On the structure ami de\elopment of the skull in the Ba- 

tracliia. Part 2. Tbid , vol. 166. 

- 1877 On the strmture and development of the skull in the urodelous 

arrifiliibia. 1‘art 1. Ibid, vol. 167, pt. 2. 

---- 1879 On the skull of the c*ommon snake. Trans. Roy. Soc. Tamdtui, 

v<d. 169. 

_ 1882 a On the structure and development of the skull in the 

Batraehia. Part 3. Ibid., vol. 172. 

. 1882 b On the morphology of the skull in the Amphibia T'^rodela. 

Transaetions Linnean Soeiety of London, Ser. 2, vol. 2, Zool., part 3. 

--- . 1882 e On the atrueture and development of the .skull in the uro- 

deles. Trans. Zool. Soe Tiondon, vol. 11, jiart 6. 

Parker, W. K., and Bettanv, (}. T. 1877 The morjiliology of the skull. 
London. 

Peter, Kaku 1898 Die Kntwickelung und fonctionelle Gestaltuiig des Schadels 
von lehthyojihis glutinosus. Morjih. Jahrb., Bd. 25, II. 4. 

Seydeu, O. 1895 Ueber die Nasenhohle und das Jacobson’sehe. Organ der 
Amphibien. Eine vergleiehend-anatomisehe Uiitersuehung. Morph. 
Jahrb., Bd. 22. 

WiEDERSHEiM, R. 1877 Das Kopfskelet der ITrodelen. Ein Btdtrag ziir ver- 
gleudienden Anntomie des Wirbelthiersehiidels. Leipzig. 

Whippue, I. (Wilder) 1906 The naso-lahial groove of lungless salamanders. 
Biol. Bull., vol. 11. 

Wilder, H. H. 1891 A eontribution to the Anatomy of Riren lacertina. Zool. 
Jahrb., Bd. 4. 


•TOl^RMAl. or MORPHOnoOY AND PllYSlOnOOV, VOli. 45, NO. 2 



458 


ENID OLDHAM LAPAGE 


Wilder, H. II. 1891 Die Nasengegend von Menopoma allegheiiienge uiid Amphi- 
uma tridaetylium. Zool. Jahrb., Bd. 5. 

-1903 The skeletal system of Necturus maculatus Kadnesque. Mem. 

Bo.stoii 8oc. Nat. Hist., vol. 5, no. 9. 

- 1923 The history of the human body. (Revised ed.) New York. 

Wilder, T. W. 1909 The lateral nasal glands of Amphiuma. Jour. Morph., 
vol. 20. 

- 1933 The life history of Desmognathus fusca. Biol. Bull., vol. 24. 

- 1924 Variations in the premaxillary of Euryeea bislineata. Amer. 

Nat., vol. 58. 

- 1925 The morphology of amphibian metamorphosis. Smith College 

Anniversary Series. 


ABBREVIATIONS 


«.a.e., apertura naris externa 
c.m., cavum medium 
c.war., cavum maxilla re 
c,o,f cartilage obliqua 
c,s., cavum superius 
(hnl., ductus nasolacrymulis 
ex.f exoccipital 
f.d.f fenestra dorsalis 
f.Lf fenestra lateralis 
f.rl., fenestra rostrolatoralis 
/., frontal 

gl,Lf glandula intermaxillaria 
gl.n.e.f glandula nasalis externa 
J.O., Jacobson's organ 
lae., lachrymal 

l. i,y lamina inferior 

lamina su^ierior 

m. c.n., musculus constrictor naris 
w.d.'ft., musculus dilatator naris 
m.d.n.a., musculus dilatator naris acces¬ 
sorius 


vix.f maxilla 

n. , nasal 

o. **., orbitosphenoid 

p. , parietal 
pet,, petrosum 
p./., prefrontal 

p.m.n.o.f posterior margin of nasal 
ojnming 

pmx*f premaxilla 

p. t., planum terminale 
pt.f pterygoid 

qv. f quadrate 

q. j., quadratojugal 

sc. , sphenethmoid 
smx., septomaxillary 
s<7.. squamosal 
tect.nas,^ tectum nasale 
L, turbinale 

v.f vomer 


PLATE 1 

EXPLANATION OF FIGURES 

1 Diagram to illustrate the arrangement of the nasal muscles of the Sala* 
mandroidea and their relations to the cartilaginous nasal capsule. Modified after 
Bruner ('01). 

2 Dorsal view of the skull of Amblystoma maculatum. X 6. 

3 From Amblystoma maculatum. X 12. Transverse section through the 
nasal region to show the arrangement of the muscles and the septomaxillary. 
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I'LATJE 2 

EXPI.ANAT10N OF FIGURES 

4 Dorsal view of the ahull of Salamamlra maculata. X 6.6, 

5 From Salamandra maculata. X 16. Traiisvorso section through the nasal 
rogi<m to show the arrangement of the nasal muscles. 
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PLATE 3 

EXPLANATION OF FIOUKES 

6 Prom Triton holvoticus, X 32. Transverse section through the nasal region, 
to show the arrangement of the nasal muscles: the muscuUis dilatator nans 
accessorius is here very small, 

7 Dorsal view of the skull of Salainandrina perspicillata. X 7.2. 

8 Anterior view of the same. X7.2. 


460 



SEPTOMAXILLAIiY IN AMPHIBIA HUODELA 
KNID OLDHAM I.APAOK 





PLATE 4 

EXPLANATION OP PIOURES 

9 From Plothodon ciiiercms. X 26.4. Transverse section through the nasal 
region, to show the dilatator muscles and the septomaxillary. 

10 From Plethodon cinereus. X 46. Horizontal section through the lower 
nasal region, showing the septomaxillary and the inusculus dilatator naris ac¬ 
cessorius. 

11 Dorsal new of the skull of Plethodon cinereus. X 9.6. 
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PLATE 5 

EXPLANATION OP FIGURES 

12 Doraal view of the akull of Deamognathua fusea. X 7. 

13 Prom Desmognathus fuaea. X 22. Horizontal section through the nasal 
region, showing the relationship between the muscles and the septomaxillary. 
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PLATE 6 

EXPLANATION OF FIGURES 

14 Dorsal view of the anterior cranial elements of the skull of Euryeea 
bialinenta, X 8.4. 

15 Prom Euryeea bislineata, young adult. X 36. Transverse section through 
the na.sal region, to show the septomaxillary and the arrangement of the muscles. 

16 Prom Homidactylium scutatum. X 32. Transverse 8iH*tion through tht' 
nasal region, to show the septomaxillary and the dilatator muscles. 
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PLATE 7 

EXPLANATION OP FIGURES 

17 Dorsal view of the skull of Ilynobius leechii. X 7.8. 

18 From Ilynobius leochii. X 22. Transverse section of the nasal rej^ion, 
showing the relationships between the septomaxillary, the muscles, and the naso- 
lacrimal duct. 

19 From Plethodon cinereus. X 51. The process of ossification in young 
adult specimens Transverse sections, showing the continuity of the cartilage and 
bone in, (A and H) septomaxillary, (0 and D) orbitosphenoid. 

20 From Eurycea bislineata. X 51. The process of ossification in, I) The 
orbitosphenoid of an advanced inetamorphic specimen,* II) The septomaxillary 
of an adult. 
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THE ANATOMY AND LIFE-HISTOEY OF A FRESH¬ 
WATER MOLLITSK OF THE GENUS SPHAERTUM' 

K. MONK 

Willamette Cniverftiiy 


TWENTY FIGURES 


author’s ABSTIIACT 

A Htiidy has ntado of tlio anatomy of one of the tinicreniail Rhella, and 

prehminary obsorvations on the life-hiatory have been earned out. Tn its general organiza¬ 
tion Sphueriutn notatuin is very similar to the larger fresh-water iamellibranoha. A gastric 
shield, crystalline style, and style sac, very similar to tho.se found in the stomach and intestine 
of Lampsitis, an* present. A pair of slender muscles extending from the dorsal side of the 
body into the gills, and evidently not previously described, have been found. The nervous 
system loriMsts of the typical three jiairs of lamellibranehiate ganglia, with their connectives, 
accessory ganglia, and nerve fibers Particular study was given to the statocysts and 
osphrudia, and attention is culled to the fact that the function commonly ascribed to the 
nsphradia is incompatible with their position in the roof of the cloacal chamber 

S notatum, like all the Snhaerndae, is hermaphroditic and vi\iparous. The gonads are 
paired racemose glands lying liehind and below the stomach The sperm-producing follicles 
form the anterior portion of each gonad and are somewhat smaller and more numerous than 
the ova-producing follicles which form the posterior portion. The young pass through the 
early stages of development in brood poucnes in the gills and are exiielled as relatively 
enormous individuals. 

Preliminary observations on the life-history indicab* that retiroduction reaches its height 
ill the summer and that fertilization probably takes place during the late summer and fall. 
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INTRODUCTION 

1. Historical 

While much has been published on the morphology of the 
larger fresh-water Acephala, there is but little available on 
the anatomy of the Sphaeriidae, or finger-nail shells. In 
1896, Gilman A, Drew published a short description of the 
anatomy of Sphaerium sulcatum, and, in 1917, Ralph J. 
Gilmore contriWted a paper entitled: “Notes on reproduc¬ 
tion and growth in certain viviparous mussels of the family 
Sphaeriidae.” While Drew gave a very good general de¬ 
scription, he failed to describe several important structures. 
Gilmore confined his attention to an investigation of the gills 
and the reproductive organs. These are the only papers in 
English on the anatomy of this family of mollusks. 

Even less is available on the life-histories of .these forms. 
Little is known beyond the fact that they are viviparous and 
that the young pass through the early developmental stages 
in brood pouches within the gills of the parent. Thiel (’27: 
40-47, and ’27: 48-90) has recently published two papers on 
the growth, reproduction, and life-history of Sphaerium 
corneum, directing attention chiefly to seasonal growth. 

It was this lack of information concerning both the anatomy 
of these forms and their life-history that led Dr. H. J. Van 
Cleave, of the University of Dlinois, to suggest this study. 
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2. Materials and methods 

Matericd, Tlie material for this study was collected in a 
drainage ditch at Urbana, Illinois, at various times during the 
fall of 1926 and the spring and summer of 1927. In the 
course of the study several hundred adult specimens and many 
more smaller ones were under observation. Collections of 
this material submitted to Di\ V. Sterki were identified by 
him as Sphaerium notatum Sterki (Sterki, ’27). While the 
results i^resented in this paper are confined to this one species, 
comparative studies have been made upon an additional 
species of Sphaerium and also upon an unidentified species 
of the genus Pisidium. In general morphology, these forms 
agree so closely with the conditions found in S. notatum 
that most of the descriptive matter here presented, other 
than specific measurements, has value as a guide to the study 
of the Sphaeriidae. 

Methods. Numerous gross dissections were made under a 
binocular and many observations on structure and function 
were made upon young and transparent specimens under 
the compound microscope. In order to study th(‘ anatomy in 
finer detail, the animals were killed and sectioned whole or 
in part. It has been found that the best fixation and relaxa¬ 
tion were secured by preventing the closing of the shell and 
plunging the animal into slightly warmed Bonin’s fixative. 
Cold Bouin’s, Zenker’s, and corrosive sublimate all gave good 
fixation, but the above method w^as found to prevent the 
extreme contraction of the muscles found when a cold fixative 
was used. The acid in the fixative is sufficient to remove the 
calcium salts of the shell if it is left on overnight, but I have 
found it possible to dissect away the shell after the animal 
has been in the fixative for a short time, without injury to 
any parts, and at the same time avoiding the gas bubbles 
which form if the acid is allowed to act. The animals were 
in the most instances cleared in benzol, embedded in paraffin, 
and sectioned entire. Sections were cut from 8 p to 20 
thick. Iron hematoxylin, counterstained with acid fuchsin, 
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or Delafield’e hematoxylin and eosin gave very good differ¬ 
entiation. 

Observations on reproduction were carried on by placing 
small groups of adults in running water in shallow pans 
containing a layer of screened sand. These aquaria were 
examined from time to time for the presence of young 
sphaeriids, which were removed when found. 

3. Acknowledgments 

This study has been carried on in the Zoology Laboratory 
of the University of Illinois, under the direction of Dr. H. J. 
Van Cleave, to whom I wish to express my appreciation of 
the valuable assistance he has given me. I also wish to 
thank Dr. V. Sterki for the identification of my material, 
and F. C. Baker for additional material from this group of 
mollusks. 

SYSTEMATIC POSITION AND HABITS 

The finger-nail shells belong to that class of mollusks 
variously known as the Acephala, Lamellibranchia, and 
Polecypoda. The family Sphaeriidae includes the three North 
American genera Sphaerium, MuscUlium, and Pisidium, and 
the tropical genus Eupera. Baker (’27: 220) has recently 
divided the family into two subfamilies, based on the char¬ 
acter of the siphons. In the subfamily Sphaeriinae, which 
includes Sphaerium, Musculium, and Eupera, the anal and 
branchial siphons are distinct, united only at the base. In 
the subfamily Pisidinae, which includes the genus Pisidium, 
the anal siphon only is developed, the branchial siphon being 
represented by a cleft in the mantle. 

The animal is usually found almost completely buried in 
the mud on the bottom or along the banks of small streams; 
it is rarely found in sand. Locomotion is accomplished by a 
series of erratic jerks. The foot is greatly extended and 
anchored by means of an expansion of the anterior tip and 
the ventral side. Adhesion is facilitated by a mucous secre¬ 
tion from the mucous glands of the foot. The shell is then 
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drawn forward through the mud by a violent eontraetion of 
the foot retractor muscles. The mucous secretion is an im¬ 
portant means of anchoring the foot; young specimens readily 
climb vertical glass surfaces by its aid alone. 

S. notatum, as is the rule in the Sphaeriidae, is viviparous. 
From three to five relatively gigantic young, as well as several 
smaller embryos, are usually found in each brood pouch in 
adult animals. 

MOKPHOTiOGY 

The shell 

The shell of ihis species is dark brown in color, lighter at 
the edges, rather solid, inflated, and covered with a thin 
epidermis. The lines of growth are well marked. The 



Fig. 1 Tlu* carciinnl teeth in S. uotutum. a, iu tin* right valve; />, in flie 
left valve; h, the hinge line. 


umbonos arc smooth, depressed and place<i slightly in front 
of the center of the shell. The hinge line is nearly straight; 
the ligament is dark horn. The cardinal teeth (fig. 1) 
are very small. There is a single, raised, bent tooth in 
the right, and two small, elevated teelh in the left valve. The 
lateral teeth are thin raised lamellae, 2-2 in the right and 1-1 
in the left valve, placed at less than right angles with the 
cardinal teeth. The scars of the adductor muscles show 
plainly on the nacre, and are joined dorsally by the scars of 
the retractor pedis muscles. The pallial line is indistinct. 
Adult specimens measure 14 X 9 mm., with a transverse 
diameter of 7 mm. 


2. The animal 

The general plan of organization of the body is essentially 
the same as that characteristic of the whole group of fresh- 
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water Acephala. Tlie tissues of the living animal are creamy 
white, with the exception of the digestive diverticula, which 
are light brown. The hilobed mantle fits closely against the 
valves of the shell. The dorsal part of the mantle cavity is 
occupied by the gills and tlie ■vnsceral mass, ventral to which 
extends the protrusible foot. 

a. The mantle. The mantle (fig. 7, mtl) consists of two thin 
sheets of connective tissue which line the inner surfaces of 
the two valves. Each sheet, or lobe, is made up of loose con¬ 
nective tissue, covered by an inner and an outer layer of 
epithelium. The outer layer, lying against the shell, is made 
up of thin, flat cells, and is continuous over the back wuth its 
fellow from the opposite aide. The inner layer of epithelium 
is made up of low cuboidal cells, and is continuous with the 
epitlielium of the outer lamella of the outer gill posteriorly 
and with that of the outer lamella of the inner gill anteriorly. 
A short distance from the ventral edge of the mantle this 
epithelial layer is thrown up into a conspicuous ridge (fig. fl, 
r r) which extends from the anterior adductor muscle to the 
branchial siphon. Just dorsal to this ridge is a shallow groove 
(fig. 9, cgr), under which the layer of connective tissue is much 
thinner. The epithelium in the groove and over the ridge is 
composed of tall, ciliated columnar cells. Immediately ven¬ 
tral to this ridge the epithelium is made up of low cuboidal 
cells, but nearer the ventral edge of the mantle the cells 
again become columnar. The cilia are confined to the ridge 
and the groove above it. Posteriorly, these ridges .from each 
lobe fuse to form the siphons. The connective tissue under 
the ridges is well supplied with both longitudinal and oblique 
muscles. 

These ridges, with their muscles, serve to close the ventral 
opening of the mantle cavity when the shell is open, thus 
forcing the water to enter through the branchial siphon. 
When the foot is protruded, the ridges are closely applied 
to its sides. The ciliated grooves evidently serve as channels 
to carry water forward to the mouth. 
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Posteriorly, the lobes of the mantle are fused, by means of 
the ridges described above, to form two siphons. As previ¬ 
ously mentioned, the siphons furnish characters of subfamily 
significance in the Sphaeriidae (Baker, ’27: 220). The ventral 
or branchial siphon is wider and somewhat shorter than the 
dorsal, anal siphon. Both siphons are well supplied with 
muscles and are caj)able of considerable protrusion; the size 
and sliape of the openings may be readily changed. Near 
the base of the siphons the mantle muscles are enlarged 
(tig. 2), and serve to withdraw the extended si])hons. The 
inhalent siphon usually points directly posterior or a little 
veiitrally, while the exhalent siphon points posteriorly and a 
little dorsally. 

At the ventral edge of the mantle there is a dee]) cleft in 
which the epidermis is secreted by the ex)idermal gland. This 
gland (fig. 9, ep gl) is a band of cells about 0.8 mm. wide 
lying along the outer side of the cleft and extending the 
length of the edge of the mantle. It is made uj) of tall 
columnar cells having large elliptical nuclei near their bases. 
The outer ends of the cells contain many fine granules. 

h. The. gills. In addition to the function of respiration, the 
gills carry the developing young in modified structures known 
as brood pouches. There are four gills, arranged as an inner 
and an outer pair, suspended from the sides of the body into 
the mantle cavity. The inner pair is the larger and extends 
from the anterior adductor muscle to the posterior adductor 
muscle. In fully grown specimens the inner gills are about 
7 mm. long and 3 mm. wide in the widest part. The ouler 
gills are somewhat smaller and extend only three-fourths 
as far forward. Their anterior and upper limit is near the 
posterior end of the stomach, from where they extend poste¬ 
riorly and ventrally to join the inner gills at tlie posterior 
adductor muscle. 

Each gill is made up of two closely applied plates, an inner 
and an outer lamella (fig. 19, i I and of). The inner lamellae 
of the inner gills are attached to the body along the extent of 
the foot. Behind the foot they are attached to each other, 
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thus separatiug the mantle cavity from the cloacal chamber. 
Tlie outer lamellae are attached to the mantle anteriorly, 
and to the inner lamellae of the outer gills posteriorly. The 
outer lamellae of the outer gills are attached to the mantle. 

Each lamella is made up of a series of hollow filaments, 
each filament being bent upon itself to form a slender U, and 
therefore continuous with its fellow in the opposite lamella. 
Opposite filaments are fused together by their adjacent sides 
throughout their length, except in the brood pouches. The 
water tubes between adjacent pairs of filaments are thus 
definitely limited. The adjacent filaments in each lamella are 
regularly united at intervals of 0.25 mm. by interfilamontary 
junctions. The spaces between these junctions are the in- 
halent ostia, through which water enters the water tubes. 

Bach filament (fig. 19, fil) is a slender tube covered by a 
single layer of epithelium. The inner part of the tube is 
made up of a thin layer of colls, which form a very thin 
membrane. The outer part is made up of a single layer of 
very large cells supported by a slender chitinous rod. These 
outer cells bear numerous cilia. The outer face bears rather 
short cilia, while the corner cells (fig. 19, ccc) bear tufts of 
long cilia. There are two tufts of cilia on each corner; one 
on the corner itself, and another just mesial to it. Figure 
19 shows a frontal section of the inner gill, showing these 
tufts of cilia, the interlamellar and interfilamentary junc¬ 
tions, etc. 

As previously noted by Gilmore (’17: 22-23), the upper 
parts of the lamellae of the inner gills are modified to serve 
as brood pouches (fig. 7, brpo) in which the embryo,s develop 
to a relatively advanced stage. In most individuals the inner 
gill only serves as a brood pooch, but the outer gill may also 
be used (fig. 8). 

c. The visceral mass. The visceral mass is the softer part 
of the body, lying in the dorsal part of the mantle cavity. 
It is composed of much loose connective tissue, which sur¬ 
rounds and supports the organs of digestion, circulation, 
excretion, reproduction, and most of the nervous system. It 
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is covered by a single layer of ciiboidal epithelium continuous 
with that of the gills and mantle. 

d. The foot. The locomotor organ is the protriisible foot, 
which is a muscular projection from the ventral side of the 
visceral mass. It is pointed anteriorly an<l somewhat com¬ 
pressed laterally. It is capable of great protrusion, often 
being extended forward a distance equal to the length of 
the shell. The foot is made up of two groups of interlacing 
muscle fibers, separated by a narrow vertical cleft in the 
middle of the foot (fig. 7, el). Each group of fibers is derived 
from the retractor pt^dis muscles of its side and is joined to 
the other by means of many fine strands across the cleft. 

The foot is covered by a single layer of tall columnar 
epithelial cells. These cells have large, deeply staining nuclei 
near their bases and many minute granules near their outer 
ends. They do not lie upon a basement membrane; instead, 
there is a thin layer of muscle fibers, passing in all directions, 
lying against their inner ends. Over much of the foot these 
cells bear many fine, short cilia. The cilia cover the ventral 
surface of the foot and much of the sides. The direction of 
their action is always upward toward the base of the foot, 
for when a crawling animal brings its foot into contact with 
light debris, the debris is always carried upward and poste¬ 
riorly. 

The portions of the foot bearing the cilia are covered by a 
very fine membrane which is closely applied to the epithelial 
cells. It is 0.001 mm. thick, and seems to be a protective 
covering secreted by the epithelial cells described above. It 
has the appearance of a fine cuticula, but preliminary experi¬ 
ments with artificial gastric juice indicate that it is not a true 
cuticula. 

a. The mucous glands. Numerous writers have mentioned 
the fact that some sphaeriids may be found crawling about on 
vegetation, but the glands which must produce the necessary 
mucus seem to be undescribed. Mucus has always been in 
evidence when even small animals were in watch-glasses for 
observation. 
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In the ventral part and sides of the foot next to the external 
epithelium, the interstices between the muscle fibers are filled 
with many large mucus-secreting c,ells (figs. 11 and 17, mti). 
The layer of cells is thickest on the ventral side at the anterior 
end of the foot, and gradually becomes thinner posteriorly 
and upward along the sides. These cells are large spherical 
or ovoid cells having large central vesicular nuclei, and a 
finely granular csdoplasm. 

h. The byssal gland. In most of the Acephala the byssal 
gland is functional, at least in the younger stages, forming 
a secretion by which the animal is attached. In the Sphaeri- 
idae the gland is vestigial. There is a single spherical vesicle 
(fig. 17, hy gl) in the foot a short distance posterior to the 
pedal ganglia. It is relatively much larger in the embryo, 
and is supplied with a duct that extends toward the posterior, 
ventral edge of the foot, giving the gland a pear-shaped ap¬ 
pearance. This duct is already occluded in embryos 1 mm. 
or less in length. 


8. The muHcvlar system 

The muscles may be conveniently grouped as adductors, 
retractors, foot, mantle, and sipbonal muscles. 

The two adductor muscles, one anterior and the other pos¬ 
terior, extend transversely through the body, pierce the lobes 
of the mantle, and are inserted into the shell. When these 
muscles are relaxed the hinge ligament causes the valves to 
gape open. The anterior adductor muscle (fig. 2) is a thick 
band, elongate ovoid in cross-section, lying in the dorsal part 
of the body, immediately anterior to the mouth. It is com¬ 
posed of numerous bundles of fibers which break into fine 
strands at the insertion into the shell. The posterior ad¬ 
ductor is ventral and lies immediately anterior to the rectum 
(fig. 2). It is likewise composed of transverse bundles of 
fibers, but is nearly round in cross-section. 

All the remaining muscles are paired, there being one 
member in each side of the body. The anterior retractor 
pedis muscles (fig. 2) arise just dorsal to the «ttds of the 
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anterior adductor. The fibers converge below the esophagus, 
then separate and pass posteriorly and ventrally into the foot, 
through which they ramify. The posterior retractor pedis 
muscles (fig. 2) arise dorsal to the ends of the posterior 
adductor. They converge in front of the adductor, diverge, 
and pass anteriorly and ventrally into the foot. There they 
spread out in the same manner as the fibers of the anterior re¬ 
tractors. 

The muscles of the foot are separated into right and left 
halves by a median cleft (fig. 7, r/), as previously stated. The 
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lateral components are united at the ventral edge of the foot 
by an intimate interlacing of their fibers and also across the 
cleft by many fine strands. The fibers of the foot pass in all 
directions, but may be grouped as horizontal, transverse, and 
vertical fibers. 

Arising at the dorsal body wall immediately posterior to 
the stomach are a slender pair of muscles which may be called 
levator branchiarum muscles (fig. 8, lev branch). They arc 
attached to the shell near the umbones. After passing 
laterally, ventrally, and posteriorly in the septum between 
the auricles and the epibranchial chambers of the outer gills. 
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they are inserted along the junction of the inner and outer 
gills. 

These muscles have not been previously described. Pel- 
seneer (’06: 218) states that the foot is supplied with a pair 
of median elevator muscles, but these are evidently not the 
same, for the muscles in S. notatum pass into the junction 
of the inner and outer gills in all cases and end there. The 
levator branchiarum muscles evidently serve to support the 
gills and to draw them upward. 

As previously noted, the ventral edge of the mantle is pro¬ 
vided with muscles (figs. 2 and 3). There is a slender band of 
longitudinal muscles in the connective tissue just above the 
ciliated mantle ridge (fig. 9, llplm). There is also a set of 
muscles (fig. 9, oh pi m) which pass obliquely through the 
mantle to be inserted into the shell along the pallial line. 

4. The digestive system 

a. The alimentary canal. The digestive system consists of 
the alimentary canal and its derivatives. The labial palpi 
will be considered here because they are important accessory 
structures having to do with the selection of food material. 
The mouth (fig. 7, mth) is ventral to the anterior adductor 
muscle. There is no month cavity, but a long, slender 
esophagus (fig. 3) leads directly to the stomach. The stomach 
(fig. 17, stom) is sacculated, and its walls contain several out- 
pouchings where the ducts of the digestive diverticula open 
into it. The intestine arises at the ventral side of the stomach, 
and as it passes ventrally and forward it becomes gradually 
smaller. It is thrown into a coil (fig. 3) a short distance 
anterior to the middle of the foot, then proceeds posteriorly 
and upward to the heart. It runs through the ventricle and 
continues posteriorly along the dorsal body wall, over the 
posterior adductor muscle, and opens into the cloacal chamber 
through a small triangular papilla. 

The entire alimentary canal is lined with tall columnar 
cells bearing rather long cilia. In the style sac, described 
below, the cilia are longer and much more numerous. The 
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onlj' parts of the digestive system which do not bear cilia 
are the ducts and tubules of the digestive diverticula. 

h. The digestive diverticula. Surrounding the stomach and 
the esophagus, and completely filling the space between the 
esophagus and the intestinal coil, are the digestive diverticula 
(fig. 3), which are slightly brown in the living animal. These 
have been called liver and hepatopancreas, as well as digestive 
diverticula, but Yonge (’26 : 703), in his paper on “The di¬ 
gestive diverticula of the lamellibranchs,’’ says: “In some 
cases they constitute a gland; in others, including the Lamel- 
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Fig. 3 Lateral view of the digestive system from the riglit side. 


libranchs, . . . their function is that of assimilation, and 
so they are most suitably designated digestive diverticula.” 

The diverticula form two groups of blind tubules which 
open into the stomach by means of common ducts. These 
ducts enter the stomach at its upper anterior side, just below 
the opening of the esophagus. The tubules are usually ovoid 
or nearly so in sections; they consist of a single layer of very 
tall cells about an elliptical lumen. The outer ends of the 
cells along the sides of the lumen are usually clear, as though 
their contents had been discharged, while the cells at the 
ends of the lumen usually have a granular cytoplasm which 
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stains deeply. Figure 20 shows a section through a typical 
tubule. 

The crystalline style and style sac. In all adult and in 
most of the young and juvenile animals sectioned, a crystal¬ 
line style has been found in the intestine. Although this 
structure has often been studied and described, I have been 
able to find only casual references to its presence in the 
Sphaeriidae. Drew does not mention it. T. C. Nelson (’18: 
53-112) gives a very good account of the crystalline style in 
certain marine and fresh-water mollusks. The fresh-water 
forms which he studied were Anodonta grandis, Lampsilis 
siliquoides, and L. anodontoides; the structures which he de¬ 
scribes for Anodonta grandis are very similar to those found 
in S. notatum. 

In very young and transparent specimens the style may 
often be seen in motion. Since the intestine is surrounded 
by the digestive diverticula, only the head of the style may be 
seen, in the lumen of the stomach. Sometimes it moves very 
slowly and steadily and sometimes very rapidly and er¬ 
ratically. 

The cavity of the intestine is incompletely divided into two 
chambers by two poorly developed longitudinal folds in the 
epithelial lining. These folds, or typhlosoles, lie on the ante¬ 
rior and posterior sides in the dorsal end of the intestine, but 
on the dorsal and ventral sides in the lower part, due to the 
forward bend in the intestine just above the foot. Since the 
anterior typhlosole is the larger of the two, they will be 
referred to as the major and minor typhlosoles (fig. 18, 
t ma and t mi). 

The left chamlier of the intestine is the larger and contains 
the crystalline style. The smaller right chamber (fig. 18, int) 
is the intestine proper. The style sac (fig. 18, is in direct 
communication with the intestine throughout its length, ex¬ 
cept for a very short, blind pouch at the base of the style sac, 
at the first sharp backward turn of the intestine as it enters 
the coil. The style sac is rather large at its upper end, but 
becomes gradually smaller until it terminates in the small 
blind pouch just mentioned. 
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The epithelium of the style sae is much heavier than that 
of the intestine proper. It is composed of tall, ciliated co¬ 
lumnar cells, between which lie the glandular cells which 
secrete the style. The epithelium of the intestine proper is 
composed of a single layer of low ciliated cells. The epithe¬ 
lium of the style sac bears very numerous fine cilia which 
serve to keep the style in motion. These cilia are longer and 
much more numerous than the cilia in the rest of the digestive 
tract. They are confined to the stylo sac itself. The typh- 
losoles and tlie rest of the intestinal epithelium bear fewer 
and shorter cilia. Beyond the style sac the e[)ithelium of 
the intestine is taller than in the intestine along the style 
sac, though not as tall as in the sac. 

The epithelium of the style sac is thrown into a series of 
transverse folds, or ridges, which serve as bearings for the 
style, in exactly the same manner as Nelson (’18: 65-87) 
has described for Anodonta grandis. These folds are limited 
to the anterior wall of the sac. 

The crystalline style (fig. 18, si) is a long, slender, hyaline 
rod made up of concentric layers of a clear, lightly staining 
substance, and a core of a more deeply staining substance. 
The style and style sac are nearly circular in cross-section; 
they have the greatest diameter nearest the stomach, and 
become gradually smaller until they end in the small blind 
pouch previously mentioned. The head of the style projects 
into the lumen of the stomach, and usually presenis a frayed 
appearance (fig. 17, st). Figure 18 is a cross-section through 
the style sac and crystalline style a short distance below the 
stomach. 

d. The gastric shield. The left side of the dorsal wall of 
the stomach is thrown into a fold, opposite the head of the 
style. This fold is devoid of cilia and carries on its surface 
a thick layer of a clear, hyaline substance (fig. 17, g s), which 
bears a prominent ventral projection immediately opposite 
the head of the style. The layer is continued over the epi¬ 
thelium of the wall of the stomach for a short distance sur¬ 
rounding the dorsal fold. Nelson (’18: 56) has proposed the 
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name ‘gastric shield’ for this structure, as it evidently pro¬ 
tects the gastric mucosa from the action of the head of the 
revolving style. 

e. The labial palpi. The labial palpi (figs. 3 and 10) are 
long, slender, paired appendages which assist in bringing food 
to the mouth and in keeping foreign or injurious material 
aw'ay. There are two pairs of palpi, an inner shorter and 
an outer longer pair, which are attached to the body wall at 
the sides of the mouth and extend posteriorly and ventrally 
along the edges of the gills. Each palp consists of a core 
of loose connective tissue covered by a single layer of flat 
epithelium. The epithelium of the adjacent sides of the 
palpi is made up of large cuboidal, ciliated cells, and is thrown 
up into numerous strong transverse ridges. There is a deep 
groove (fig. 10, gr) which originates at the ventral edge of 
the head of the inner palp. This groove is continuous with 
the space between the two palps; it passes across the head 
of the inner palp and continues upward to the mouth. There 
is a flap of tissue which extends over the groove from the 
anterior side and practically converts it into a tube. The 
groove and the ciliated ridges on the adjacent sides of the 
palps evidently serve to pass food into the mouth after it 
has been brought forward by the water currents in the ciliated 
groove in the mantle. 

5. The nervous system 

The nervous system consists of the three pairs of ganglia 
typical for the Acephala, their connectives and fibers, and 
two paired organs of special sense, the statocysts and 
osphradia. 

a. The ganglia and commissures. The anterior, or cerebro- 
pleural ganglia (fig. 4), lie immediately posterior to the 
anterior adductor muscle, one on each side of the esophagus. 
In adult animals they lie about 0.7 mm. apart, and are con¬ 
nected by a short commissure that passes over the esophagus. 
They are nearly spherical and have a diameter of about 
0.18 mm. 
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The pedal ganglia (fig. 4), lying in the foot, are the largest 
of the three pairs. They lie in the connective tissue im¬ 
mediately dorsal to the muscles of the foot, slightly anterior 
to the first bend in the intestine. Thej’^ are ovoid in shape 
and are fused together by their adjacent sides (fig. 7, ped ga). 

The visceral ganglia (fig. 17, vis ga) lie on the anterior 
side of the posterior adductor muscle, in the connective tissue 
below the posterior retractor pedis muscle. They are even 
more ovoid than the pedal ganglia, and their adjacent sides 
are also fused. 

Table 1 gives the average measurements of the three pairs 
of ganglia in adult specimens. 

TABLE 1 

Dimensions of the ganglia %n S. noiatum 

Oangh<tn Lenyth Width Dfftth 

WWW. mm. mm. 

(.Vrebropleural, 0.22-0.25 0.18-0.20 0.1(5-0.17 

Feudal, 0.25-0.35 0.18-0.20 0.18-0.22 

Viaceral, 0.22-0.20 0.ar>-0.18 0.16-0.18 

Each ganglion consists of a central mass of nerve fibers 
surrounded by a thick layer of nuclei. These nuclei are 
limited to the ganglia, none being found on the commissures 
and nerve fibers. 

Connecting the cerebropleural ganglia with tlie pedal and 
visceral ganglia are two pairs of commissures. The cerebro- 
pedal commissure (fig. 17, epeomm) arises at the posterior- 
ventral side of the cerebropleural ganglion, passes posteriorly 
and ventrally through the anterior retractor pedis muscle, 
and follow^s along the mesial side of the muscle to the ganglion. 
The visceral commissure (fig. 16, vis comm) arises at the 
posterior side of the cerebropleural ganglion and passes pos¬ 
teriorly through the visceral mass near the body wall. It 
passes inside the posterior retractor pedis muscle and joins 
the visceral ganglion at its anterior end. 

Besides these commissures, each ganglion gives off a num¬ 
ber of nerve fibers to adjacent organs. Three pairs of nerves 
arise from the cerebropleural ganglia. The anterior pallial 

;rouitNAL or MOHx>itoiiOov ak» rHY»ioi.oaY, voir. 45, no, 8 
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nerves (fig. 4) arise laterally from these ganglia, pass anteri¬ 
orly along the sides of the anterior retractor pedis muscles 
and into the mantle; a pair of slender nerves have their 
origin at the anterior sides of the ganglia and pass to the 
anterior adductor muscle; another pair of slender nerves 
arise at the inner sides of the ganglia and pass to the 
esophagus. 

The pedal ganglia give rise to a number of large nerve 
fibers which pass to all parts of the foot. Arising from the 
cerebropedal commissure at its junction with the pedal gang¬ 
lion is a small nerve which passes directly to the statocyst. 
I have not been able to demonstrate nerve fibers in the stato¬ 
cyst, however. 

The visceral ganglia give rise to a group of nerves very 
similar to the complex arising from the cerebropleural gang¬ 
lia. The posterior pallial nerves (fig. 4) arise at the pos¬ 
terior sides of the ganglia and pass posteriorly and laterally 
over the roof of the eloacal chamber. There is a small acces¬ 
sory ganglion in the course of this nerve; from it a number 
of small nerves pass to the mantle, siphonal muscles and to 
the posterior adductor muscle. Prom the anterior side of the 
visceral ganglion arises the large' branchial nerve (fig. 4), 
which follows along the partition between the epibranchial 
chambers of the inner and outer gills. At its origin is a 
small accessory ganglion, which is covered by a specialized 
patch of epithelium, the osphradium. 

b. The organs of special sense. There are twQ pairs of 
highly differentiated organs of special sense, the statocysts 
and the osphradia. The generalized ^ense organs have not 
been included in this investigation. 

a. The statocysts and statoliths. The statocysts (fig. 17, 
stat) are small, paired ovoid organs having to do with the 
maintenance of equilibrium. They are suspended in con¬ 
nective tissue about 0.1 mm. anterior to the pedal ganglia 
immediately above the anterior retractor pedis muscles, 
against which they sometimes lie. In the aduU animal they 
are about 0.1 mm. long and 0.065 mm. in diameter. 
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Each statocyat (fig. 15) consists of a heavy outer fibrous 
capsule, lined with a single layer of large vesicular cells 
having large spherical nuclei. Drew (’96: 178) states that he 
was unable to find cilia in the statocysts of S. sulcatum, and 
suggests that his fixation may have been at fault. Pelseneer 
(’06: 238) states that cilia may be absent in forms in which 
an otolith is present. Kellogg (’92: 411) states that cilia 
are not found in the statocysts of Yoldia. I believe that 
cilia are not present in the statocysts of S. notatum, for 
though they have been conspicuous in other situations in the 
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Fig. 4 Lateral view of the nervous system from tlie right side. 


sections used for the study of the statocysts, they do not 
appear in the statocysts. 

The statolith (fig. 15, stl) is a small spherical concretion 
lying in the cavity of the statocyst. It is about 0.019 mm. in 
diameter and has a slightly wrinkled appearance in the sec¬ 
tions. It is not affected by most stains, but stains deeply 
with iron hematoxylin. 

Pelseneer (’06 : 238) states that the statocysts of the 
Acephala are supplied with a small nerve from the cerebro- 
plenral commissure. Drew (’96: 177-178) states that the 
innervation is difiicult to demonstrate in S. comeum. As 
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stated in the section on the ganglia, I have found a small 
nerve which passes from the junction of the cerebropleural 
commissure with the pedal ganglion directly to the statoeyst, 
but I have not been able to demonstrate nerve fibers within 
the statoeyst. 

b. The osphradia. The osphradia are small paired areas 
of specialized epithelium lying immediately below the os- 
phradial ganglia (fig. 16, o$ ffa) and extending a short distance 
forward along the course of the branchial nerve. Each area 
is oblong in shape, being about 0.05 mm. wide and 0.25 mm. 
long. 

This organ is found in most Acephala, and Pelseneer (’06: 
236-237) suggests that it may serve to test the respiratory 
fluids. While this view is held by most workers on the Mol- 
lusca, its inadequacy becomes obvious when the location of 
the osphradium is observed. In S. notatum, as previously 
stated, the osphradium lies in the roof of the cloacal chamber 
along the course of the branchial nerve, where it is bathed 
only by that current of water which has already passed 
through the gills. It is evident that an organ placed in such 
a position cannot function eflfectively to test the respiratory 
fluids. In so far as I have been' able to determine, no ex¬ 
perimental work has been carried on to determine the func¬ 
tion of the osphradia, yet writers continue to quote the as¬ 
sumption that it serves to test the respiratory fluids. The 
function of the osphradia of the Acephala remains to be 
demonstrated experimentally. 

6. The circulatory system 

The circulatory system consists of a single ventricle, two 
auiicles, and a number of blood vessels, including the large 
blood spaces in the gills (fig. 19, his). 

Immediately posterior to the dorsal end of the stomach, 
and surrounding the posterior intestine, lies the thin-walled 
pericardial cavity (fig. 17, p c). The pericardial cavity eon- 
tains the single median ventricle and the paired auricles. 
The ventricle (fig. 17, vent) is an oval organ surronndktg die 
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intestine. Its walls are somewhat heavier than the walls of 
the other blood vessels, due to the presence of two thin layers 
of muscle fibers, an inner circular, and an outer longitudinal 
layer. The auricles lie at the sides of the ventricle, into 
which they open just below the middle of each side. The 
auricles extend posteriorly and ventrally below the kidneys 
and are continuous with the blood spaces in the gills. 

Arising from the ventricle are two large trunk arteries, 
an anterior and a posterior. The opening into each is guarded 
by a valve (fig. 17, va), consisting of a single flap of tissue. 
The anterior artery (fig. 5) passes over the dorsal side of the 
stomach, then across the right side of the esophagus, which 
it follows anteriorly, supplying the digestive diverticula and 
the coiled intestine. At the level of the dorsal end of the 
anterior adductor muscle it gives off a branch which passes 
in front of the muscle and divides into branches supplying 
the mantle. The main branch continues forward along the 
esophagus a short distance, then turns and passes ventrally 
and posteriorly into the floor, where it sends branches into all 
parts. Only a few branches in the foot are well differentiated, 
the rest are continuous with the numerous spaces permeat¬ 
ing the whole muscle mass. 

Inunediately upon leaving the ventricle, the anterior artery 
divides into two branches; the main branch passes forward 
as described and the other (fig. 5) passes ventrally along the 
posterior side of the stomach and intestine and forward into 
the intestinal coil. 

The large posterior artery surrounds the posterior in¬ 
testine. It passes posteriorly over the posterior adductor 
muscle and there divides to supply the posterior parts of the 
mantle. 

The walls of the blood vessels, except those of the ventricle, 
consist of a single layer of tissue, with many small nuclei 
scattered throughout. 

very young and transparent specimens the pulsations 
of the heart noay be observed through the shell. The rate of 
the beat varies widely, but in flowing water the rate is about 
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90 to 100 per minute. In the protruded foot of young speci¬ 
mens taken from the brood pouch, the colorless blood may 
be seen moving back and forth by a series of surges. The 
forward movements are of longer duration than the backward 
movements, which are due to the contractions of the foot. 

7. The excretory eystem 

The excretory system consists of a pair of very much coiled 
and sacculated tubules, which constitute the organs of 



Fig. 5 Lateral view of the circulatory system from the right side. 


Bojanus. These tubules occupy the space between the pos¬ 
terior adductor muscle and the pericardium (fig.- 17, kdt). 

The kidney tubules are open at both ends. At one end 
they open into the posterior ventral angle of the pericardial 
cavity by means of a small ciliated duct about 0.5 mm. long 
(fig. 13, cd). At the other end they open into the cloacal 
chamber through a non-ciliated tube which is joined near its 
opening by the genital duct (fig. 6, 2). 

The tubules (fig. 13, kd t) are made up of a single layer of 
small enboidal cells lying upon a thin extenial basement 
membrane. These cells contain large vacuoles in their free 
ends and many fine granules near the basal membrane. With 
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the exception of the duct opening into the pericardial cavity, 
the kidney epithelium is not ciliated. This duct is lined 
with deeply staining, flattened cells which bear many long 
cilia. The free ends of these cilia are always directed inward, 
indicating that the direction of their action is from the peri¬ 
cardial cavity into the kidney. There is an abrupt transition 
from the low ciliated epithelium of this duct to the epithelium 
of the much-coiled tubule which it joins near the center of 
the kidney. There is no direct communication between the 
groups of tubules of each side. 
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Fig. 6 Liiteru.1 view of the excretory and reproductive systems. I, ciliated 
duct opening into pericardial cavity; A junction of the genital duct with kidney 
duct opening into cloacal chamber; ova-prodiicing follicles; 4y sperm producing 
follicles. 


8. The reproductive system 

This species, as is the case with all the Sphaeriidae, is 
hermaphroditic, having both sperm- and ova-producing fol¬ 
licles in the gonads. As both Drew and Gilmore have ac¬ 
curately described the reproductive organs in members of 
this genus, only a general description will be given here. 

The gonads consist of a number of spherical or ovoid fol¬ 
licles (fig. 6, 3 and 4) grouped about a common duct, into 
which they open by mean's of separate ducts. The sperm- 
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producing follicles are anterior to the ova-producing follicles 
and are more numerous and somewhat smaller. The fol¬ 
licles are usually tilled with masses of fusiform spermatozoa. 
1 have been unable to find tails upon any of the spermatozoa. 
The ova-producing follicles are slightly larger than the sperm 
follicles, and usually contain from four to eight mature ova 
(fig. 14, mo) besides a number of immature ones, during the 
fall and winter. During the summer both types of follicles 
are almost devoid of germ cells and are considerably 
shrunken. 

Each follicle is supplied with a duct leading to the common 
duct, which opens into the eloaeal chamber in common with 
the duct of the kidney. The ducts consist of a single layer 
of closely packed cells which stain deeply. These cells are 
not ciliated. 


THE LIFE-HISTORY 

Very little has been published on the life-history of the 
American Sphaeriidae. Thiel (’27), as previously mentioned, 
has recently published the results of work carried on at 
Hamburg, Germany, on the life-history of Sphaerium 
cornoum. 

The young develop in brood pouches formed in the upper 
parts of the inner lamellae of the inner gills and are expelled 
through the exhalent siphon. When born, the young of this 
species are from 2.5 to 4 mm. long. 

The routine examination of the specimens collect^ for this 
study revealed the fact that individuals under 9 mm. in length 
were sexually immature. Therefore, in the following experi¬ 
ments, those between 9 and 14 mm. were selected. Several 
aquaria with twenty-five to thirty adults in each were kept 
in a tank of running water. These were examined periodically 
for young sphaeriids, which were removed when found. Under 
laboratory conditions, it was hard to keep the animals alive, 
making it impossible to get a long series of observations upon 
a single group and necessitating repeated renewals of the 
stock from field collections. 
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Many adults were found in the drainage ditch from Septem- 
l>er to the end of November. No animals longer than 7 mm. 
were found from then until early in the spring, when full- 
grown animals were again found. Conditions in the drainage 
ditch have been very unusual during the past year. There 
have been many protracted periods of high water, with a 
large amount of wash resulting, following heavy rains. Dur¬ 
ing May and June, following periods of high water, no adult 
animals were found. Early in July, following another period 
of high water, many adults were found. 

Very few young animals were found in the aquaria during 
tbe fall and winter. During the month of April, ten young 
animals were taken from a single aquarium. The animals 
collected in July were found to be giving birth to many young. 
Twelve were found in each a<}uarium the first week, and six 
the second. During the first week of August, it was observed 
that the full-grown animals were giving birth to but few 
young, while the young adults, from 9 to 11 mm. in length, 
were giving birth to <iuite a few. 

From these observations it is evident that reproduction is 
at the maximum during the summer months and that very few 
young are born during the winter. 

The condition of the reproductive organs in animals killed 
at various times during the year indicates that fertilization 
probably lakes place in the late fall and that the young are 
incubated in the brood pouches during the winter. As has 
been previously noted, in animals killed early in July the 
germ follicles are much shrunken and very nearly empty. In 
animals killed during the winter the follicles are extensive 
and well filled. The brood pouches contain fewer and smaller 
embryos in July than in the winter. 

SUMMARY 

Sphaerium notatum is very similar in its general organiza¬ 
tion to the larger fresh-water Acephala. The various organ 
systems are described and figured in detail. The histology 
of many of the organs has been considered. The crystalline 
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style and style sac commonly found in other Acephala are 
also found in this species. A pair of slender muscles sup¬ 
porting the gills, not hitherto described, have been found. 
Attention is called to the fact that the function commonly 
ascribed to the osphradia is incompatible with their position 
in the roof of the cloacal chamber. Eeproduction is evi¬ 
dently at the peak during the summer months. 
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ABBREVIATIONS 


ant ttf aiiteri(»r artery 

anti add, anterior adductor muscle 

arp, anterior retractor pedis muscle 

aur, auricle 

hh, blood space 

hir, blood vessel 

hr po, brood pouch 

vestige of bysaal gland 
rap, fibrous capsule 
err, ciliated corner cells 
<* d, ciliated duct 

r ffr, ciliated groove ni the mantle 

rh r, chitiuous rod 

r1, median cleft 

rlo, cloacal chamber 

rpnmm, ceia'bropedal commissure 

r r, ciliat<‘d ridge 

r 1, connective tissue 

d\g dtx', digestive diverticula 

rmh, embryo 

^p, epidermis 

0^1 epidermal gland 
rhoph, esophagus 
id, gill filament 
go, gonad 

gr, groove leading to the mouth 
g s, gastric shield 
f g, inner gill 
1 1, inner lamella 
m interfilamentary junction 
ini, intestine 
ip, inner palp 
hd t, kidney tubules 
Icc, lateral ciliated cells 


}rv branch, levator branchiarum muscle 
U pi m, longitudinal pallial muscles 
m o, mature ovum 
mill, mouth 
mtl, mantle 

mn, mucous glands in the foot 

oh pi VI, oblique pallial muscles 

o g, outer gill 

of, ovarian follicle 

o I, outer lamella 

o p, outer pal]) 

of( ga, osphradial ganglion 

onph, osphradium 

p c, pericardial cavity 

prd ga, ])edal ganglia 

post a, posterior artery 

post add, posterior adductor 

post int, posterior intestine 

prp, posterior retractor pedis muscle 

sr comm, supra-esophageal commissure 

9f, sperm follicle 

st, crystalline style 

stai, statoc^st 

sil, statolith 

slom, stomach 

si s, style sac 

i ma, major typhlosole 

t mi, minor typhlosole 

va, valve in artery 

vent, ventricle 

vis comm, visceral commissure 
vu ga, visceral ganglia 
wt, water tube 
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PLATE 1 

EXPLANATION OF FIGURES 

7 Oross-section of an adult animal through the stomach and pedal ganglia. 

8 CrosS'Sectioii of an adult animal through the ventricle. 

9 Oross-section of the ventral edge of the mantle. 

10 Diagrammatic ventral view of the groove passing from the labial palps 
to the mouth. 

11 Bagittal section through the edge of the foot, showing the mucus-secreting 
cells and the thin membrane covering the external epithelium. 

12 Sagittal section of the wall of the esophagus. 

18 Sagittal section through the kidney, showing the opening of the ciliated 
duct into the pericardial cavity. 

14 Section through the gonad, showing both ova- and sperm-producing fol¬ 
licles. 
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PLATE 2 

EXPLANATION OP riOURJBS 

15 Sagittal section througli the statocyst, showing the statolith in pUiee. 

16 Sagittal section of visceral and osphradial ganglia and the ospliradium. 

17 Sagittal section of entire animal through foot and stomach. 

18 Transverse section of intestine and crystalline style, a short distance 
below stomach. 

19 Frontal section through the inner gill. 

20 Section through a typical tubule of digestive diverticula. 
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THE MORPHOLOGY AND PHYSTOLCKiY OF THE 
HEPATOPANCREAS OF (^AMBARUS VIRTLIS' 

HENRY P. DORMAN 
The Mayo Foundalum, Jioehester, Minnesota 


KEVENTEEN FIGURES 


ArTHOU’K All8TR\rT 

The Yplation of thp heiiatupiincroaK to the pylorir Ktomarh and Hs y)hyRJoloprio hiKtology 
were studied. The orfcan eonaistM of two lobes, united ventrally, which he along the cardiac 
and pyloru stomachs and the intestine Primary and secondary lohulations (acini) are 
present, and the entire organ is a system of anastomosing tubules (lumina). The tubules 
progressively converge and form a du<t in each lobe which leads ventrolaterally into the 
pyloric stomach. 

Each acinus consists of a single layer of hepatic and pancreatic cells suptiorted by a 
basement membrane, and the interaoinat spaces are the seat of tibro-elastic tissue and phago* 
cjtic cells The supporting tissue is laminar with that of the stomach The arterial 
capillaries, composed of endothelial cells, he in the niteracinar spaces. The blood supply is 
by way of the baKement imonbrane to the cells. 

The hepatic cells of siieciiiiens collected in September bear little fat, cells of June 
specimens are laden with fat. (t 1>cogen is deposited in the hepatic cells, there is no differ¬ 
ence betw'eeri the quantity found in Septerabei and in dune. The hepatic cells probably 
contain Inhverdin Chemical analysis indicates the presence of trypsin, amylase, and hpase 

A review of ihi literature and a discussion of homologies wnth reference to the verte¬ 
brate liver are given. 

INTKODUOTION 

Tho present pa})er is one of a series, which deals with the 
liver or hepatopaiicreas of the invertebrates. At the hegin- 
in^ of the investigation in September, 192(), it was proposed 
that this organ in at least one member of each of the following 
phyla be studied, with particular reference to the cellular 
structure and the deposition of fat and glycogen: (\)elhel- 
minthes, Arthropoda, Kchinodermata, Alolliisca, and Chordata 
(prochordate). One of the common fresh-water decapods, 
Cambarus virilis, has been employed as a point of dc^partnre 
in the study, largely because of its availability and tlie mor¬ 
phologic prominence of the gland. Other forms used in this 
series are: Nereis vireiis, Asterias vulgaris, Loligo pealii, 
Melanoplus femur-rubrum, and Balanoglossus aurantiacus. 

The results of the study on (Cambarus virilis fall into these 
divisions: 1) general structure; 2) the structure of the 

* From the Division of Experimental Surgery and Patliology. 
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acinus, the unit of the organ; 3) the blood supply; 4) the sup¬ 
porting tissue, and, 5) the deposition of fat and glycogen. 1 
shall refer to the organ of Cambarus virilis as the hepato- 
I)ancreas, the reason for which wdll be made clear. 

REVIEW OF THE LITERATURE 

The literature on the liver or hepatopancreas of the inverte¬ 
brates naturally is concerned largely with histology and func¬ 
tions and a comparison of the latter with those of the verte¬ 
brates. I shall review here chiefly such parts as are concerned 
with the structure of the gland and the deposition of fat and 
glycogen in the cells of the organ. 

Investigations have been made on the digestive glands of 
members of at least these major groups: Troehelminthes, An¬ 
nelida, Arthropoda, Mollusca, Echinodermata, and the Ceph- 
alochordata. It seems, therefore, that, so far as previous work 
is concerned, no hepatic gland has been described in any 
group of animals simpler in organization than the segmented 
worms. However, L. H. Hyman* is of the opinion that 
although in Planaria “there are no definite digestive or 
multicellular glands connected with the digestive ti*act . . . . 
the lining epithelium of the digestive tract appears to have 
all the functions of a digestive gland. . . These cells 
“store food in the form of fat and protein but not glycogen. 
. . . From these characteristics* it would seem to me that 
these epithelial cells of Planaria have much in common with 
vertebrate hepatic cells. It is probable that the-entodermal 
cells of coelenterates and sponges have the same properties as 
those of planarians.“ Although there is no digestive ap¬ 
paratus in the Cestoda, determinations have been made on 
the deposition of glycogen. 

Weinland (’01, ’01 a, ’04), determining the glycogen content 
of Taenia expansa, Ascaris lumbricoides, and Ascaris mystax 
on the basis of the dry residue (by weight) of the worm, found 
the quantity in the first to be from 15 to 47 per cent, and in the 

* Perdonal communication. 

* I Imve omitted production of enzymes, deaminization, and so forth. 
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second and third, from 20 to lU per cent. Busch (’0»3) re¬ 
viewed his work on the determination of ^lyco^eii in Taenia 
and in nematodes and showed figures in color tc) indicate 
deposition. He found in Taenia that accumulation of gly¬ 
cogen in the parenchyma begins as soon as the eggs appear, 
and that, when the increased volume of the uterus produces 
flattening of the parenchyma, the (piantity of glycogen gradu¬ 
ally decreases. Glycogen also accumulates in the muscles 
of the bothria. The deposition of glycogen in nematodes oc¬ 
curs especially in the sacciform appendixes of the longitudinal 
muscles, in the hypoderra, in the epithelium of the intestine, 
and in the germ cells. 

t'uenot (’98), in one of his classic works on the physiology 
of the invertebrates, found that in Lumbricus hurculeus, Allo- 
lobopliora terrestris, Lumbriculus variegatus, Tubifex rivu- 
lorum, Nats elinguis, and Branchiobdella parasita glycogen is 
*‘le produit de reserve habituel,” that is found in the cells 
of the peritoneal epithelium (which, he says, are identical in 
form and function to ‘cellules de Leydig’ in Alollusca and 
Decapoda), in the cells of the metanephridia, in the cells of 
the septa, and, in Tubifex, around the ventral blood vessel. 
During the feeding season these cells form, notably in Lumbri¬ 
cus, enormous masses on the septum; when food is less plenti¬ 
ful, the masses are reduced to almost nothing. Glycogen also 
is found, but not in large quantities in the chlorogogue cells 
and in the amebocytes of the body fluid of Lumbricus an<l 
Tubifex. (\ieiiot never found glycogen in the muscles. In¬ 
stead of glycogen he often found fat in Phreoryctes, both in 
the peritoneal and chlorogogue cells. Fat also was found in 
small quantities in Branchiobdella. 

Stone (’97) used the pyloric cecum of about twenty living 
starfish in a test for glycogen, for, she says, “in determining 
whether the function of the pyloric ceca of the starfish is 
more similar to that of the liver or to that of the pancreas 
of higher animals, one of the moat reliable criteria would be 
the existence or non-existence of glycogen in the organ.” 
Using Pfliiger’s (’94) method for glycogen determination, 
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she concluded that, “the total amount of glycogen in the 
glands of these twenty starfishes must, therefore, have been 
very small, thus indicating that these organs do not possess 
a function characteristic of the true livers of the higher ani¬ 
mals.” A test for glucose, the antecedent of glycogen, like¬ 
wise was negative. 

The literature on this organ of the Crustacea is abundant 
and varied in conclusions. Huxley (’80) stated that each 
lobe of the liver of the crayfish, Astacus fluviatilis, “consists 
of an immense number of short tubes, or eeca, which are 
closed at one end, but open at the other into a general con¬ 
duit, which is termed their duct. . . . The liver may be re¬ 
garded as a much-divided side-pouch of the mid-gut.” 
Schneider (’02) wrote of the liver of Astacus fluviatilis as a 
‘paarige Mitteldriise’ which has ‘einen tubulosen Ban,’ but 
his description of the cellular structure was more detailed 
than that of Huxley. He considered nourishing, excretory, 
and glandular (ferment) cells. Dahlgren and Kopner (’08) 
regarded the crayfish liver “as an example of the more highly 
specialized digestive tissues of the Arthropods.” (xuieysse 
(’07) found that the cells of the hepatopanereas of the 
Crustacea mentioned later are of 'the intestinal type. 

Concerning the functions of the liver in the crayfish and 
related forms of Decapoda, and in the Tsopoda, Amphipoda, 
and Copepoda, a number of investigators are in disagreement. 
Guieysse (’07), working on Calanns, Palinurus, Palaemon, 
(’arcinus, Portunus, Squilla, Helleria, and Orchestia, con¬ 
cluded that the organ called the hepatopanereas is a groni) 
of diverticula of the midintestine, and, not a gland with the 
unique function of pouring its products into the stomach. 
Deflandre (’05) attributed to the liver of the Decapoda, di¬ 
gestive, excretory, and absorptive functions, as well as ‘une 
fonction d’arret.’ The latter she demonstrated by injection 
experiments, recovering the coloring matter in the hepatic 
cells, and by feeding of arsenic and later finding the poison 
almost exclusively in the hepatic cells. The same author 
found that the reserve of fat is more abundant in the liver 
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of Astacus fluviatilis in April than in November. Abelous 
and Billard (’97) ascribed an anticoagulating function to the 
liquid exuded from the liver of the crayfish comparable to the 
effect produced by the extract from the leech. Huxley (’80) 
ascribed the yellow color of the secretion of the liver of 
Astacus fluviatilis to globules of fat. Hoppe-Seyler (’77) 
found that there is no more glycogen in the liver of the cray¬ 
fish than in any other organ, and none of the true components 
of bile. Perrier (’93) stated that there is no trace of biliary 
products in the pyloric glaiuls of the crayfish and that these 
glands do not contain glycogen. MacMunn (’99) found in 
the liver a pigment, which he termed ‘entero-chlorophylle.’ 
Cuenot (’98), whose opinion was based on the results of his 
work on the Orthox)tera, concluded that the hepatoi)ancreas 
absorbs peptones and sugars. lie further stated that the 
liver of the Decapoda possesses digestive, biliary, and excre¬ 
tory functions, the product of secretion normally eliminated 
being represented by the pigment of ‘les cellules h ferment.’ 

McMurrich (’98), working on Armadillidium, found that 
the liver is represented l)y three pairs of ceca extending 
})arallel to the digestive tube. Having fed cochineal, he ob¬ 
served that the cells of the intestine absorbed none, but tlie 
hepatic cecum was filled with it. 

Patrick (’20) described the hepatopancreas of Ligia oceani- 
cus as consisting ‘‘of three pairs of tubules which extend 
from the pyloric end of the stomach to the posterior end of 
the abdomen. The tubules open into the pylorus.” The cells 
are of two kinds: large, irregular, columnar cells, and, inter¬ 
spersed among these, smaller, oval or wedge-shaped cells, 
“also attached to the basement membrane, fewer in number 
and shorter.” 

Several authors have described the hepatic organ in various 
species of the Arachnida. Duges (in Cuvier’s Eegne Animal) 
described four pairs of diverticula in the lower part of the 
alimentary canal of Mygale caomentaria, and these diver¬ 
ticula were interpreted by Biedermann (’ll) as an hepatic 
organ. Bertkau, according to the latter, believed that he 



510 


HHNRY P. DORMAN 


demonstrated the presence of glycogen in the fusiform cells 
of the diverticula of Amaurobius ferox, and, in well-fed indi¬ 
viduals, these cells contained fat. Berlese (’96) ascribed to 
the liver of Trombidium the power to store fat and produce 
‘peptonization.’ 

Morse {’0‘2), in his observations on living Brachiopoda, 
stated that all species of this group possess “stomachal glands 
usually known as the liver.’’ Young stages of Diseonisca, 
Terebratulina, and Hemithyris have tuft-like masses of ceca, 
which “seem as fully charged with diatoms and other food 
material as the stomach itself.’’ In some species of the 
Lingulidae the glands are lobular or blunt masses. Morse 
concluded (without histologic study) that the stomachal 
glands are “extensions of the absorbent surface of the di¬ 
gestive tract, and are probably hepato-pancreatic in their 
nature. ’ ’ 

Investigations have been made on the liver of at least four 
classes of the Mollusca, but this organ in the Cephalopoda 
probably is better known than that in the Amphineura, 
Acephala, or Gasteropoda. Schneider (’02) described the 
liver of Chiton siculus as acinous and composed of cylindrical 
and broad-based cells; the latter never reach the lumen of 
the acini. Both types of cells are granular. Biedermann (’ll) 
found that there are two types of liver in the Amphineura: 
in Chaetoderma one diverticulum leads into the middle por¬ 
tion of the intestine, while the entire intestine of Neomeuia 
and Proneomenia is beset with perpendicular diverticula. 
The latter condition is closely simulated in Tergipes and 
Aeolis (of the nudibranchs), and was termed diffuse by Lang 
(’02). 

Among the livers of the gasteropods, by far the most at¬ 
tention has been devoteil to Helix pomatia. Schneider (’02) 
described the organ as voluminous, three-lobed, ranoifying, 
and tubular, consisting of hepatic, excretory, and calcium 
cells. The excretory cells are similar to those of Astacus. 
Fischer (’92) and Yung (’87) also described the organ, the 
latter as follows: four lobes, which are lobnlate; a follicular 
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jL^land, extremely ramified; follicles possessing convergent 
canals. Biedermanu and Moritz (’98) described resorptive 
and excretory cells; the former were called hepatic cells ])y 
Barfurth (’83), grannlar cells by Prenzel (’86). Barfurtii 
calls the excretory cells (of Biedermanu and Moritz) ferment 
cells. Biedermanu and Moritz, Cuenot (’00), Levy (’90), and 
Knikenberg (’82) found glycogen in the hepatic (resorptive) 
cells. The first ^mentioned authors also found fat. Levy 
found that there was no difference in the quantity of glycogen 
present in summer and winter. Barfurth found glycogen in 
the ferment cells, and this author and Yung (’87) found that 
the glycogen content in the liver of snails is reduced to almost 
nothing by starving for two or three weeks. Barfurth (’85) 
also found glycogen in the liver of Limax variegatus. Krukeii- 
berg found glycogen in the liver of Arion ater. Several of 
these authors also have described tlie secretion from the livers 
of Helix and Limax. 

The studies on the digestive glamls of the cephaloi)ods have 
been chiefly from the asi>ect of enzymes. However, the struc* 
ture of the glands and the deposition of glycogen and fat also 
Jiave received the attention of a number of investigators. 
Bourquelot (’82) pointed out that the pancreas of the cuttle¬ 
fish is isolated from the liver, and Bauer (’09) found that, in 
Eledone moschata, the pancreas is attached to the surface 
of the broad end of the ovoid, acinous liver. The hepatic 
and pancreatic ducts are separate and distinct, and both 
empty into the spiral, cecal outpocketings of the intestine. 
Prenzel (’86) found two kinds of cells in the livers of Octopus 
vmlgaris and Sepia oflBcinalis, ferment and calcium cells, and 
Cuenot (’00) designated the two kinds as ‘cellules vacuolaires’ 
and ‘cellules a boules.’ Bourquelot (’85) found that the livers 
of Sepia, Octopus, and Loligo contain glycogen. The ferment 
cells, according to Prenzel, contain brownish-yellow granules, 
which he inteiTpreted as fat. Enriques (’01) agreed wdth 
Prenzel that carlx>hydrates are stored in the cells of the liver 
of the cephalopoda. Cuenot (’07) found fat in the form of 
droplets in the ‘cellules a boules’ of Sepia officinalis. 
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MATERIALS AND METHODS 

Specimens of Cambarus virilis were collected from a stream 
about eight miles from Rochester, Minnesota, during Septem¬ 
ber, 1926, and June, 1927. 

The hepatopancreas and the pyloric stomach were removed 
intact from several specimens and fixed in various fluids: 
Zenker’s, Gilson’s, Bouin’s, Flemming’s, 10 per cent formalin, 
and 100 per cent alcohol. For general study, Zenker’s fluid 
was followed by Mallory’s connective-tissue stain, methylene 
blue and eosin, and Delafleld’s hematoxylin and eosin. Mal¬ 
lory’s stain is especially desirable for demonstrating the 
fibro-elastic tissue of the interacinar spaces. 

For the demonstration of glycogen, tissue was fixed in 100 
per cent alcohol, embedded in celloidin, stained in Best’s 
carmine, and differentiated in alum hematoxylin. Frozen 
sections are essential to the demonstration of fat. 'The tissue 
was fixed in 10 per cent formalin for from twenty-four hours 
to several weeks, stained in scarlet red, and differentiated 
in alum hematoxylin. 

The hepatic artery was conveniently filled with India ink 
and the blood supply of the hepatopancreas determined by 
filling the pericardial sinus with ink, either by removal of 
a part of the carapace or by the insertion of a hypodermic 
needle through the carapace. The best results, however, were 
obtained by direct injection into the heart by means of a 
capillary cannula. 


MORPHOLOGY 

Gross morphology 

The hepatopancreas of Cambarus virilis consists of two 
identical lobes which lie along the gastro-intestinal tract in 
the dorsal part of the cephalothorax and, to a slight extent, in 
the anterior end of the abdomen. Viewed from above, the 
lobes extend along the cardiac stomach, almost entirely ob¬ 
scure the pyloric stomach, and extend several millimeters 
(depending on the length of the specimen) on each side 
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of the intestine. Apparently, the lobes are completely sepa¬ 
rate, but gross and microscopic examination reveal that they 
are connected one to the other on the ventral surface of the 
pyloric stomach into which they empty (figs. 11 and IG). 

The size of the organ naturally varies according to the 
size of the animal and this also is true of the portions of the 
lobes anterior and posterior to the ducts. In specimens from 
three to five months old, the length of the organ is from 1 
to 1.5 cm. and the ratio of the anterior to the posterior part 
is about 4:5; in specimens one year old, about 7 cm. long, 
the ratio is about 2; 3. 

Kach lobe is primarily and secondarily lobulate, the latter 
condition being observable microscopically. A fissure diago¬ 
nal to the transverse, a second sagittal fissure slightly diago¬ 
nal to the longitudinal, and a third frontal fissure, which is 
parallel to the longitudinal axis, superficially divide each lobe 
into four parts. The second and third lobulations in each 
lobe form jjrominent dorsal projections, which are in contact 
one with the other, dorsal to the pyloric stomach. I term 
these lobulations ‘superficiar for, although they constantly 
are present in this species, the corresponding fissures are 
not deeply accentuated (fig. 16). 

The color of the organ varies and probably is influenced to 
a certain extent by conditions that change with the season. 
In specimens which were collected in September the hepato- 
pancreas was predominantly dull yellow, while in those col¬ 
lected in June it was usually green or greenish yellow. The 
color of the contained secretion corresponds to the color of 
the organ. The organs of specimens collected in the autumn 
are firmer and less likely to disintegrate than those collected 
in the summer. 


Histology 

A membrane sert^es as a covering for the organ; it is thicker 
on the anterior and posterior portions than in the middle 
region. The secondary lobulations do not correspond strictly 
to the primary lobulations. Each lobe of the organ is a net- 
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work of lobulations, which I shall call acini (fig. 11). Each 
acinus delimits an irregular lumen, which may be termed a 
tubule (fig. 14). Between the acini are definite spaces 
throughout the organ, and iii these spaces are found the 
blood vessels and the reticulum of connective tissue (figs. 1, 
2, and 11). 

The arrangement of the acini is such that the peripheral 
units anastomose one with another, and this arrangement is 
continued and accentuated toward the hiluses. The end result 
simply is that all of the tubules of the organ gradually lead 
directly or indirectly into a common tubule which serves as 
a duct (figs. 1 anti 11); this empties ventrally into the pyloric 
stomach. The similarity lietween the duct and the ordinary 
tubules of the acini should lie emphasized. There are no 
real differences between the basement membrane of the duct, 
its cells, or the form of its lumen and thfe corresponding parts 
of any acinus in the organ. The duct is attached to the transi¬ 
tional epithelium of the pyloric stomach, and there is more 
fibro-elastic tissue in the region of attachment than around 
any other one unit of the organ (figs. 1,.2, and 11). 

The form of the acini in cross-section and longitudinal sec¬ 
tion varies wndely. In general, however, the cross-sections 
are round to ellipsoid exteriorly and an irregular lumen is 
present (figs. 1, 11, and 14). The smallest diameters of the 
acini are from 80 to 150 n in the central region and the great¬ 
est diameters from 100 to 200 p. Longitudinally, the acini 
follow a devious course and there is no good means of de¬ 
scribing them except to say that, in general, tliey vary from 
straight to slightly curved and are pressed into slight aber¬ 
rations by the surrounding elements. That is to say, the sur- 
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face of an acinus may be indented at several points by pres¬ 
sure of other acini. The length varies even more than the 
diameter, ranging from 0.2 to 0.8 mm. 

The hepatic cells, the pancreatic cells, and the inner and 
outer membranes are the chief elements in the structure ot‘ 



Fig. 1 Cro88*8e<*tioii of the hopatopaiiereas in the region of the tluets. X 
Fig. 2 Cross-section in the region of tiu* duets: fihro-ehistie tissue. X -h. 
Fig. 3 Cross-section of an injected artery in an interucinar space. X 120. 
Fig.4 An interacinar space; fibro-elastic tissue and phagocytes. X ^-lO. 

the acini. Both kinds of cells stain well in most of the general 
stains after fixation in almost any of the common fixatives. 
However, the use of Mallory’s triple connective-tissue stain 
proved a convenient means of studying the cells and the 
membranes: the two kinds of cells are stained by tlie acid 
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fuchsin and the membranes by the anilin blue. Delafield’s 
hematoxylin and eosin afford excellent differentiation, es¬ 
pecially of the fibrillar condition in the hepatic cells of 
specimens collected in June, but the delicate blue staining of 
membranes by Mallory’s stain is an advantage in the deter-' 
mination of their presence. 

The hepatic cells are of the columnar epithelial type, and 
this typical condition may be conveniently observed in sec¬ 
tions cut precisely through the longitudinal axes of the acini 
(pi. 2). Naturally, some of the cells are modified in form by 
pressure and a large number of squamous cells are present, 
especially at points of curvature in the lumen and on the 
surface of the acini. The attenuated end of each squamous 
cell is always pointed in the opposite direction from the con¬ 
vex surface of such curvatures. 

The dimensions of the hepatic cells vary considerably: 
the long axes range from 35 to 50 m and the short axes from 10 
to 15 M. The nuclei, which are typically round and possess a 
definite and clear membrane, measure up to 13 p. Each cell 
contains one or more nuclei, and, if only one, it is remote 
from the lumen of the acinus. Each nucleus bears an intensely 
staining nucleolus. All of the cells are granular, and the 
majority of them possess pigmented inclusions (probably 
biliverdin), which, if small, lie adjacent to the nucleus. In 
some cells, which bear large deposits of biliverdin, the nu¬ 
cleus (near the membrane) and the membrane are the only 
remaining morphologic units of the cell. 

The pancreatic cells occur in groups or islets that are regu¬ 
larly distributed throughout the organ.. From one to three 
cells in an islet may be observed in cross-sections. Their dis¬ 
tribution is most conveniently studied when the sections are 
stained for fat; the pancreatic cells do not contain fat and 
they stain strikingly in the counterstain of alum hematoxylin 
with the scarlet of the globules of fat as a differentiating, 
surrounding field (figs. 7 and 12). Once their general nature 
and situation in the acini have been determined, they may be 
observed well in tissue stained in hematoxylin and eosin. 
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The most striking pancreatic cells are those that are usu¬ 
ally situated at the blind end of an acinus. This particular 
kind of cell is ellipsoidal, with the longitudinal axis at right 
angles to the basement membrane, one end of the cell being 
adjacent to the membrane; the other end, slightly attentuated 
and drawn out to form a duct, is in close contact with a crypt 
of the lumen. The membrane of the cell is distinct. The 
cytoplasm is deeply granular near the periphery. The nu¬ 
cleus is round to ellipsoid, possesses a distinct membrane, and 
contains one or more definite nucleoli (figs. 12 and 14). The 
cells measure 20 to 25 m by 35 to 40 m and the nuclei from 9 
to 11 m- The boundaries of other pancreatic cells are not 
as clearly defined as the boundaries of those just described, 
for, although this description of the cytoplasm and nucleus 
generally applies to the pancreatic cells, the merging of tlie 
islets and the hepatic cells lends to the former the appearance 
of delimitations (fig. 7). In some cross-sections of the acini 
the islets of pancreatic cells are thickly distributed and extend 
across one wall of the acinus, that is, from membrane to mem¬ 
brane, or are situated equidistant from the membranes. In 
some cases the ducts of two or three cells in an islet coalesce, 
and these common ducts empty into the same crypt of the 
lumen (fig. 14). 

As there has been doubt of the presence of pancreatic 
tissue in what has been called the digestive glands of the cray¬ 
fish, but which I call the hepatopancreas, it is essential that 
chemical tests substantiate cytologic studies. Accordingly, 
tests were made to determine whether or not the pancreatic 
enzymes, trypsin, amylase, and lipase, are present in the secre¬ 
tion of the organ. The hepatopancreases of twenty recently 
collected (June) animals were tested according to the method 
outlined by Hawk (^21). The three enzymes are present in 
the secretion. 

The hepatic artery and the connective tissue 

The wall of the hepatic artery is composed of a layer of 
endothelial cells supported by an outer layer of fibro-elastic 
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tissue; the lattet consists of strands of cells, which are pres¬ 
ent throughout the interacinar spaces (figs. 3, 6, and 13). 
The blood vessels are associated throughout the liver with 
the fibro-elastic tissue. 

The layer of endothelial cells is at most from 2 to 3 u thick, 
appearing fiber-like, and the boundaries of the cells are indis¬ 
tinct. The cells are elongated and spindle-shaped, and the 
cytoplasm is finely drawn out from the nucleus toward the 
wall of the adjacent cell. One distinct, ellipsoid, reticulate 
nucleus regularly is present in each cell (fig. 13). The sup¬ 
porting wall, that is, the fibro-elastic layer, is thread-like and 
more lightly colored in hematoxylin and eosin than the inner 
layer <Jf endothelial cells. The transverse walls of the cells 
are not regular, and they are distinguished with difficulty 
even under magnifications of 1500 or more diameters. The 
nuclei are ellipsoid or nearly round and larger than those of 
the endothelial cells, and usually contain a distinct nucleolus 
(fig. 15). 

The connective tissue, which otxuipies the interacinar spaces, 
is laminar in connection with the transitional epitlielium of 
the wall of the pyloric stomach. This connection is direct 
with the lateral walls of the stomach, and dense masses of 
the tissue pass across the dorsal surface of the stomach and 
among the acini of the hepatopancreas. Moreover, strands of 
connective tissue emerge ventrally from the transitional epi¬ 
thelium of the stomach, surround the hepatic ducts longi¬ 
tudinally, and infiltrate the interacinar spaces of the ventro¬ 
lateral regions of the lobes of the organ (fig. 11). 

The connective tissue is situated in the interacinar spaces 
along with two kinds of phagocytic cells (figs. 2 and 4). The 
latter are polyblasts. There is some doubt concerning the 
differentiation and the function of the so-called resting wan¬ 
dering cells, but I shall follow Maximow (’02) in designating 
these cells. The two kinds are clearly different. 

In portions in the wall of the stomach the outlines of the 
cells of the fibro-elastic tissue are distinct. They are fusi¬ 
form and the distinct nuclei conform to the shape of the cells. 
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The (ifreatest diameter of the nuclei is from 8 to 10 m and 
the least, from 4 to 6 m- The nuclear chromatin is readily 
apparent and a large nucleolus usually is present. 

The fibro-elastic tissue is not uniformly present in the 
interacinar spaces, but it surrounds, in some degree, each 
acinus; in some cases it invades the periphery of the acini, 
so that there is no shar]) line of demarcation between it and 
the hepatic cells. As would be expected, the reticulum, of 
which the fibro-elastic tissue is the chief constituent, is more 
abundant near the hiluses than toward the periphery of the 
lobes. 

The small polyblasts are usually situated in angles or 
crypts wiiich result from the anastomosing of the fibers of 
the fibro-elastic tissue to which they apparently are atl ached 
by exceedingly minute fibrous threads (figs. 4 and 15). The 
cells are round or polyhedral, depending on the situation in 
which they are found. The nuclei are from 3 to 5 p in diam¬ 
eter and occupy virtually the entire volume of the cells. 

The large polyblasts are distinctly different in relation to 
the surrounding elements in appearance and form. They 
have no definite foci of occurrence, being found in, or adjacent 
to, the fibro-elastic tissue of the wall of the stomach and in 
the interacinar spaces (figs. 4 and 15). They are larger than 
either the cells of the fibro-elastic tissue or the small x)oly- 
blasts, the diameter ranging from 12 to 15 p* They usually 
are round, but occasionally an attenuation of the wall gives 
the apx)earance of an attachment to a fiber—a condition which 
is not constant. The nucleus usually conforms to the shape 
of the cell, but club-shaped nuclei are present and in some 
cases the nucleus is divided by amitosis. Demarcation be¬ 
tween the nucleus and the cytoplasm is shary^; the nucleus 
stains a medium dark blue in hematoxylin and a wine-red 
in fuchsin, while the cytoplasm is neutroi>hilic. The cyto¬ 
plasm apparently does not constantly stain in fuchsin, but 
appears refractive and granular. I have observed a com¬ 
pleted division in which the volume of the cytoplasm of one 
resulting cell apparently was twice as great as that of the 
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other cell and the quantity of the nuclear material in the one 
distinctly greater than in the other—a characteristic result 
of amitosis. 


THE BLOOD SUPPLY 

The course of the blood from the heart to the acini of the 
hepato-pancreas may be demonstrated by the injection of 
India ink into the heart by means of capillary cannula. The 
hepatic artery bifurcates as it leaves the anteroventral sur¬ 
face of the heart, and the two branches pass slightly ventrad 
to the hiluses of the lobes. Within the lobes the bifurcations 
disperse into numerous smaller branches throughout the in- 
teracinar spaces. 

The condition within the lobes may be determined by a 
study of serial cross-sections. In my description 1 shall refer 
to the supply in one lobe. About 200 m exterior to the hilus 
the diameter of the artery is from 65 to 70 m; at this point 
the first marked change occurs. A second bifurcation pro¬ 
duces two primary branches, that is, those which immediately 
enter the lobe. One of these branches straightway enlarges 
to a diameter of about 120 m, forming what appears to be a 
reservoir. This reservoir is preceded and followed by con¬ 
strictions ; the artery then passes into the nearest interacinar 
space. The second branch has three constrictions, but the two 
resulting reservoirs are about the diameter of the artery 
before it reaches the hilus. These two chief branches disperse 
secondarily thi'oughout the interacinar spaces of the lobes, 
branching into capillaries from 2 to 4 m in diameter (figs. 3, 
6 and 9). 

Although the capillaries are closely associated with the 
acini, the immediate supply of blood constituents to the cells 
is by osmosis. The blood vessels are supported by the flbro- 
elastie tissue, which is in contact with the basement membrane 
of the acini, and in some cases the supporting tissue infiltrates 
the acini on the periphery. I have demonstrated that, within 
twenty minutes after the injection of India ink into the heart, 
ink is not only in the basement membrane, but is in the 
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peripheral cellH, in some eases in the nuclei 5 and 10). 

There is no clear evidence of cainllaries leading diiectly into 
cells, although, where there is fine infiltration of the acini 
by fibro-elastic tissue and consecpiently by capillaries, the 
cells are filled with India ink. This view is substantiated 
not only by examination of the hei)atic and the pancreatic 
cells, which contained India ink, but by a careful examina¬ 
tion of the ova. The latter lie in the oviducts dorsal to the 
liepatopancreas and the pyloric stomach; and, in a specimen 
in which the heart pumped India ink for twenty minutes 
before fixation, ink was observed in capillaries among the 
ova; ink was not observ(‘d to have entered tln^ ova by capil¬ 
laries. 


DKI’OSITIOX OF FAT AM) OLVCO(iKX 

Fat is stored in the hepatic cells. In the cells of specimens 
(‘ollected in September there is little evidence of its deposi¬ 
tion; only a few obscure, minute globules are present. How- 
(*ver, in specimens collected in June the globules of fat are 
large and abundant and they obscure practically all parts of 
the cells by their j)resence (fig. 7). It is necessary, therefore, 
to study the cells and their depositions of globules of fat 
solely on the basis of the arrangement of the latter. 

The result of fixing the tissue in formalin and staining 
frozen sections in scarlet red and counterstaining in alum 
hematoxylin is that the outlines of the hepatic cells are clearly 
indicated by the arrangement of the (red) globules of fat. 
Indeed, in some cases the nucleus is splendidly shown by its 
reaction to the stain. In fully 50 per cent of the cells the 
membrane actually may be seen only under a magnification of 
800 or more diameters. It is possible, but highly improbable, 
that the quantitative distribution of fat that I have indicated 
is due to artificial conditions: the liver was placed in formalin 
within thirty seconds after the animal had been removed 
from its natural habitat. 

Glycogen is present in the hepatic ccdls of recently collected 
animals taken in Septeml>er and June (fig. 17), However, 
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the response to the differential stain, Best’s carmine and 
alum hematoxylin, is not as pronounced as in the demonstra¬ 
tion of the deposition of fat. The granules of glycogen are 
exceedingly minute (from 2 to 3 m), whereas fat is deposited 
abundantly and in globular form. 

It should be noted that the amounts of glycogen found in 
the hepatopancreas in September and June were about the 
same, while fat scarcely was detectable in September, but 
was abundant in June. Whether or not these facts are 
related to the feeding habits of the animal, I cannot say. 
There is food in the stomach during both of these seasons 
of the year and the animals were predaceous while tliey were 
in captivity without food. 


DISCUSSION 

It is evident that the hepatopancreas of Cambarus is a 
tubular organ; a similar morphologic condition probably 
exists in members of the higher Crustacea, if not also in 
other highly specialized Arthropoda. My unpublished work 
on Melanoplus corroborates this view. The invertebrate 
hepatopancreas as represented by that of Cambarus is inter¬ 
esting in comparison with the liver of the vertebrates, es¬ 
pecially the livers of Pisces, Amphibia, and Aves. Eberth 
(’67) has shown in his study on Cyprinus, Salamandra, and 
Callus that the basis of structure of the livers is practically 
identical in that the lobules tyiiically consist of a single row 
of cells, which delimits a lumen through which the bile ducts 
reach the lobules, and the blood capillaries lie in the inter¬ 
lobular spaces. The tubular condition, the single row of cells 
in the lobule, the bile ducts, and the blood capillaries of the 
livers of these vertebrates are present structure for struc¬ 
ture in the hepatopancreas of Cambarus. However, a base¬ 
ment membrane encloses each acinus (lobule) in Cambarus 
and is continuous throughout the organ. Moreover, the 
anastomosing tubules in Cambarus are more conspicuous: 
the tubules (lumen) and the acini (lobules) are larger. It is 
doubtful whether the vascularity of the cells in Cambarus is 
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aH marked as in the vertebrates, in which one cell may be 
surrounded by as many as four or more capillaries. I have 
demonstrated that the capillaries enter the acini (lobules), 
but I have not demonstrated the exact condition therein. 
My observations ])oint to the view that most of the blood sup¬ 
ply is through the basement membrane and thence into the 
cells. 

Shore and Jones (’89), in a study on the vertebrate liver, 
used some members of the grou])s employed by Ebertli. Of 
the Pisces they used Petromyzon, Muraena, Pleuroiiectes, and 
Scylliuni; of the Amphibia, Raria, (-oecilia, and Triton; of 
the Reptilia, Testudo and Pelias; of the Aves, Gallus; and of 
the Mammalia, Felis, Talpa, Mus, and Sus. These authors 
conclude that the gland tissue of the liver in all types of 
vertebrates is an anastomosing network of tubules and that 

there is no evidence of change of plan as we ascend the 
vertebrate scale,They further state that the mammalian 
liver is characterized by greater penetration of blood 
vessels between the secreting cells .... and a coincident 
growth of connective tissue along the j)ortal branches so as to 
map out the organ into lobules. ...” 

Th(» results of the present study seem to indicate that, 
while the structure of the hepatopancreas of Cambarus is 
on the same plan, it is more primitive than that of the verte¬ 
brate (especially mammalian) liver, and this primitiveness 
is indicated by the relatively small number of anastomosing 
tubules and their simplicity of arrangement and the extent 
of the distribution of the blood capillaries and the bile ducts. 
It is highly probable that the presence of the basement mem¬ 
brane also is a primitive condition. 

SUMMARY 

The relation of the hepatopancreas of Cambarus virilis to 
the pyloric stomach, its histology and blood supply, and the 
deposition of glycogen and fat were studied. The organ con¬ 
sists of two lobes, united ventrally, which lie along the cardiac 
and pyloric stomachs and the intestine. The primary lobula- 
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tions are succeeded by secondary lobulations; the entire organ 
is a system of anastomosing tubules, the lumiua of the acini. 
The tubules progressively converge to form a duct in each 
lobe which leads ventrolaterally into the pyloric stomach; 
the secretion of the gland is discharged through these two 
ducts into the i>yloric stomach. 

The acini consist of a single row of hepatic and pancreatic 
cells supported in part by a basement membrane, and the 
continuous interacinar spaces are the seat of fibro-elastic 
tissue and large and small phagocytic cells. The supporting 
tissue is laminar with that of the stomach. The arterial capil¬ 
laries, composetl of endothelial cells supported by fibro-elastic 
tissue, lie in the interacinar spaces. The blood supply, by 
(tsraosis, is by way of the basement membrane and thence 
into the cells. 

The hepatic cells of specimens collected in September bear 
little fat; the cells of those collected in June are laden with 
fat. (llycogen likewise is deposited in the hepatic cells, and 
there is no difference between the quantity found in Septem¬ 
ber and in June. The hepatic cells also probably contain 
<leposil8 of biliverdin. The pancreatic cells bear little or no 
fat or glycogen. Chemical analysis indicates the presence of 
trypsin, amylase, and lipase. 

The histologic structure of the hepatopancreas is homol¬ 
ogous to that of the liver of Cyprinus, Salamandra, Gallus> 
and primitively similar and homologous to that of Felis, 
Mus, and Sus. 
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l^LATE 1 

EXPLANATION OF FIGURER 

All iiiJiTtod ftricrial capillary: endothelial and fihro-elastic cells. X 3.10. 
() An injected arterial cafdllary; endothelial cells. X 0(10. 

7 and 8 Oosssection of an acinus. The dark cells are pancreatic; the 
>rlol»iiles are fat in the hepatic cells. X -00. 

0 Ooas-sections of acini; arterial capillaries injected with India ink. X 000, 
10 rross-section of acini and an injected arterial cjipillary: India ink in tlie 
hasenient inemhrane. X 000. 
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PLATE 2 

EXPLANATION OP FIGURE 

11 Cro88*seetion of pyloric stomach and hepatopancreas in region of the 
ducts. X 100. 
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VLATE 3 

EXPLANATION OF FIGUKES 


ll2 Pancrffttic cells. X 430, 

Hi Longitudiiial stn-t^ni of an injected arterial ea[>illary; endothelial aiel 
fil)ro-elastic cells. X 450. 

14 (Yoss-seetjon of an acinus: ]>ancreatu* cells. X 450. 
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PLATE 4 

EXPLANATION OP PIGUKES 

15 Fibro-elastic tissue and phagocytes from an interacinar space. 

16 Full view of the hepatopanereas: a, dorsal; h, lateral; c, ventral. 

17 Hepatic cells with deposits of glycogen. X 450. 


X 450. 
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THE M0RPIIOL()(}Y AND I’HYSIOLOGY OF THE 
INVERTEBRATE LIVER AND 
HEPATOPANCRP^AS ‘ 

HKNTRY 1*. I>ORMAN 

Thfi Maifo Foviulaitov, jRochcstrr, Mninfuota 


NINE FIGURES 


\i'Th<»r'h abstract 

Modificutions of tin* KJiNtro intestinal traet of Nereis virens are two dorsolateral eaopha 
>reiil cecums, directed anteriorly and posteriorly from the point of aitachinent The cecal 
and esophuKcnl lutnina are continuous. Each cecum is compoHiMl of acini, possessinif a row 
of elonjfated cells, basement membrane, and intima. Fibro-elastic tissue is present The 
elongated cells con tin n glycogen and fat 

The hepafoiiancrens of Asterias vulgaris consists of two lobes m each ray. and the 
numerous acini empty into the hifurcnted hepatopancreatic duct which leads into the pjloric 
stonuuh The hepatic cells arc columnar and contain glycogen and fat. Pancreatic cells 
he in the niidregion of the ncint 

The lohiilate liver of fiolign peahi lies on the ventral surface of the duodenum. A 
(upsular inemhraiie envelops the organ The acini possess baseinent membrane, columnar 
cells, and intiina. then Inmiiia anastomose, forming a common duct, which leads into the 
blind sac The hefintic cells contain fat 

Tin* hepatopancreiis of Melanoptus feniur-rubruiti consists of six cecums histologically 
continuous with the digestive epithelium of the pjloric stomach. Each cecum consists of 
simple and com)iound acini which empt> into a duct leading to the pyloric stomach Kach 
nciiiUH possesses liasenient inemhrane, <olunintir hepatic celhs, pancri'atic cells, and iiitima. 
The pancreatic cells occur in islets, usually iidiaeent to the basement membrane The 
hepatic cells contain glycogen and fat 


INTRODUCTION 

Til a previous paper*' I presented the results of a study on 
the hepatopaiicreas of tlie common crayfish, (/ambarus virilis, 
and 1 indicated tliat a similar study would be made on Nereis 
vireiis, Asterias vulgaris, Loligo pealii, Melaiioplus femur- 
rubrum, and Balaiioglossus auraiitiacus. It was found that 
Balanoglossus auraiitiacus is unsuitable for this study unless 
special care can be taken in the preparation of material. As 
1 have not had the opportunity of making my own collections, 
I have had to forego this study. 1 have, therefore, studied the 
esophageal cecums (diverticula) of Nereis vireiis, the hepato- 

* From the Division of Experimental Surgery and Pathology. 

* Dorman, H. P., 3928. The morphology and physiology of the hepatopancreas 
of the Oambarus virilis. This journal, pp. 505-536. 
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pancreas of Asterias vulgaris, the liver of Loligo pealii, and 
the hepatopancreas of Melanoplus femur-rubruna, with par¬ 
ticular reference to the histologic structure, secretion of pan¬ 
creatic enzymes, and the deposition of fat and glycogen in the 
hepatic cells. 

It should be emphasized that, although I was able to dem¬ 
onstrate that the organ of Cambarus virilis, which has been 
called hepatopancreas or liver by various authors, is in reality 
hepatopancreas, the results of the study on Nereis virens are 
not as sharply defined. The differences that obviously may 
be surmised after gross examination of the esophageal cecum 
of Nereis are more strongly emphasized in the results of 
microscopic study, and I shall point out these differences. 

As I have reviewed the literature on the liver and the 
hepatopancreas of the invertebrates with reference to histo¬ 
logic structure and the deposition of fat and glycogen (loc. 
cit.), I shall not review the work of others liere. 

MATERIALS AND METHODS 

Specimens of Nereis virens and Asterias vulgaris were col¬ 
lected and fixed while fresh by members of the staff of the 
Marine Biological Laboratory, Woods Hole. Nereis virens 
was collected in October and Asterias vulgaris and Loligo 
pealii in May. Specimens of Nereis virens simply were 
dropped into killing fluids on collection, but the hepatopan¬ 
creas of Asterias vulgaris was removed from the animals 
before fixation. The material used for the determination of 
the presence of enzymes was finely ground in a mortar, cov¬ 
ered with 30 per cent alcohol, and shipped to the laboratory 
in Rochester, Minnesota. The tests of the specimens of 
Loligo pealii were slit before the entire animal was fixed, so 
that the fluid would readily reach the liver. Adults and 
nymphs of Melanoplus femur-rubrum were collected at 
Rochester in September and June, respectively. 

The material was prepared for examination by three chief 
methods: 1) for general study, the tissue was fixed in Zen¬ 
ker’s fluid, sectioned serially at 10 m, and stained in methylene 
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blue and eosin, in Delafield’s hematoxylin and eosin, and in 
Mallory’s triple connective-tissue stain; 2) for the demon¬ 
stration of the deposition of fat, the organ was fixed for from 
twenty-four hours to several days in 10 per cent formalin, 
and frozen sections of 10 to 15 m were stained in scarlet red 
and counterstained in alum hematoxylin; 3) for the demon¬ 
stration of the deposition of glycogen, the organ was fixed for 
from twenty-four to seventy-two hours in absolute alcohol, 
and celloidin sections of 10 m were stained in Best’s carmine 
and counterstained in alum hematoxylin. 

Esophageal cecums of Nereis virens 

The only modifications of the gastro-intestinal tract in 
Nereis virens that may be interpreted as accessory organs 
of digestion, such as hepatopancreas or liver, are two eso¬ 
phageal cecums situated dorsolaterally. These cecums arise 
from the anterior portion of the muscular esophagus and are 
directed anteriorly and posteriorly parallel to the esophagus. 
The two points of evagination from the esophagus are not 
always at the same level; they frequently occur at levels as 
much as 0.15 mm. apart. Then, too, the distances from the 
duct to the anterior and posterior ends of the cecum are 
usually in the ratio of 5:17. In a specimen from 13 to 14 mm. 
long the cecum is 2.3 mm. long, and the greatest amplitude 
in cross-section is 0,13 by 0.05 mm. 

The lumen of each cecum is continuous with that of the 
esophagus, and so with the entire gastro-intestinal tract. In 
fact, the cross-sections of the cecum closely resemble the 
cross-section of the esophagus (fig. 1). The chief superficial 
difference lies in the fact that the epithelium of the cecum is 
in folds or convolutions (figs. 1 and 2); whereas that of the 
esophagus is relatively simple. Viewed as a whole, the lumen 
of the esophagus is a dorsoventral slit bounded by continuous 
acini; and, while each cecum clearly has such a slit from 
which extend compound acini, it is more variable in its rela¬ 
tion to the whole. The lumen is formed into a duct which 
leads into the esophagus, and there is no noticeable change 
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in the character of the tissues as the transition from cecum 
to esophagus occurs (fig. 1). There is more musculature in 
the walls of the esophagus than in the cecum, but the epithe¬ 
lial tissues are at least superficially the same. This suggests 
several functional possibilities: 1) the cecum merely serves 
as an enlargement of the digestive epithelium; 2) the cecum 
as well as the esophagus is glandular, and its highly acinous 
structure merely permits the formation of a greater quantity 
of secretion, no digestion actually taking place in the cecum; 
3) digestion occurs largely in the esophagus, and some ab¬ 
sorption at least occurs in the cecum. The size of the duct 
as it progresses from cecum to the esophagus probably is 
not suflSciently large to accommodate the passage of food into 
the cecum for digestion. The usual diameter of the duct is 
from 5 to 8 m- T am inclined to believe that the second hypoth¬ 
esis is more likely correct than either of the other two. 

The outer surface of the cecum is covered by a thin sheath 
of transversely arranged fibro-elastic tissue; the cells are 
fusiform with prominent nuclei which stain brilliantly in alum 
hematoxylin. The nuclei measure up to 5 u- The sheath 
varies in thickness from one to three cells. The area which 
lies directly beneath the sheath and between the sheath and 
th<* epithelium of the acini is predominantly muscular and 


Fig. 1 OroHs-soction of the esophagus and one of the esophageal cecums of 
Nereis A’irens, showing transition from the lumen of the cecuni to the lumen of 
the e 80 ]>hagU 8 . e.e., esophageal ctH*um; e.s, esophagus. 10 /n, X 30. 

Fig. 2 Cross-section of a portion of one of the esophageal cecums of Nereis 
virens, showing the acini. 10/4, X 60. 

Fig. 3 Cross-section through the acini of the hepatopancreas of Asterias vul¬ 
garis, showing (light area) the hepatic cells and the pancreatic cells (inner part 
of the acinus), b.w., basement membrane; I, lumen. 10/i, X 120. 

Fig. 4 The gastro-intestinal tract of Loligo pealii, ventral view, a, anus; 
h.e., buccal cacity; h.d,, bile (hepatic) duct; h.«., blind sac; c, esophagus; g, gill; 
fc, kidney; liver; p, pancreas; s, stomach; s.r., spiral valve. Natural size. 

ABBREVIATIONS 


h m, basement membrane 
f Cf iibroserous coat 
h c, hepatic cells 


t, intima 
I, lumen 

pc, pancreatic cells 
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infiltrated by the connective tissue, which extends into the 
epithelium. The muscular arrangement is variable; but, in 
general, the fibers are radial; in certain situations the fibers 
are tangential to the sheath apd gradually curve inward until 
the axes of the inner halves are at right angles to the sheath. 
These fibers extend to the epithelium; in other situations a 
layer of transversely striated muscle lies from 5 to 25 m be¬ 
neath the sheath and the intervening space is filled with 
muscle fibers. In short, there are gaps in the transverse 
layer of muscle fibers, and in these situations the muscle fibers 
extend inward from the fibro-elastic sheath to the epithelium. 

The glandular epithelium, "which is separated from the 
lumen by the intima, is composed of a single row of elongated 
cells (fig. 2). These cells are about 22 by 8 m and bear one or 
two darkly staining nuclei. The cell membranes are indis¬ 
tinct and the cytoplasm contains basophilic granules. It may 
be said that these cells have every appearance of being he¬ 
patic cells. They are similar to the hepatic cells "which I have 
described for Cambarus virilis. Glycogen and fat-granules 
are deposited in the cells of specimens that were collected in 
September, as, indeed, they are also deposited in the epithe¬ 
lial cells of the esophagus. 

The hepatopancreas of Asterias vulgaris 

The hepatopancreas of the starfish has been described many 
times as the pyloric or hepatic cecums, and various descrip¬ 
tions of these organs are given in text-books of zoology. In 
my study of the literature I have not found any specific evi¬ 
dence that the cecums constitute a liver or pancreas or a con¬ 
junction of the two organs. It is commonly known and as¬ 
serted by students of marine animals that the cecums are a 
digestive gland, but I believe that there has been thus far 
no demonstration of their specific function. I have referred 
(loc. cit.) to Stone’s (’97) effort and failure to ascribe to the 
cecums the function of glycogen deposition. 

Since the general structure of the cecum is well kno'wn, I 
shall devote little attention thereto and consider the micro- 
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scopic structure, the deposition of fat and glyco^^en, and the 
production of pancreatic enzymes (amylase, lipase, and tryp¬ 
sin) as indications that the functions of the liver and pancreas 
are simulated in the starfish. Because of the puzzling ap¬ 
pearance of the tissue and my inability on first examination 
to diflferentiate clearly the hepatic and pancreatic cells, the 
determinations for enzymes were made first. The enzymes 
mentioned were found in the secretion of the cecums of 
freshly collected specimens, and this and other evidence, 
which 1 shall present, justify designating the cecum as 
hepatopancreas. 

T hav(» used only the hepatopancreas of the five-rayed star¬ 
fish, Asterias vulgaris, in which two of the ten lobes of tlie 
organ occupy virtually the entire cavity in each ray. Macro- 
scopically it may be determined that the hepatopancreatic 
duct, which leads from the two lobes in each ray into the 
])y]oric stomach and bifurcates about the x)oint it passes from 
l)eneath the aboral disc. The bifurcations are identical and 
serve identical lobes of the organ. In fact, the lobes in all 
five rays are identical. Viewed aborally, then, the bifurca¬ 
tions are seen first, and the profusely branched cecum, leading 
at frecpient intervals into the bifurcations, is oral; the ar¬ 
rangement of the cecum is such that eacli bifurcation, viewed 
aborally, is median to the lobe it serves. The lobes are yellow 
and spongy, and the anastomosing, tubular arrangement is 
suggestive of the hepatopancreas of Cambarus. 

The acini are extremely convoluted and there is no definite 
criterion to determine the limits of an acinus. The outer and 
the inner surfaces, that is the protected and the secreting 
areas, are distinguishable. However, the former is supported 
by connective tissue and a basement membrane, and the latter 
consists of a mucous membrane or intima (fig. 3). This con¬ 
nective tissue envelops the ducts and the lobes. In cross- 
section the walls of the acini usually extend laterally, the 
closed ends being at the lateral limits of the lobe. The acini 
anastomose freely, interacinar spaces are present, and the 
lumina are continuous one with the other. Thus, the plan of 
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structure of this organ in A&terias is similar to that of 
Cambarus. 

The lobes measure up to 7 mm. dorsoventrally and 3 mm. 
from side to side. The acini are not longer than 3 mm., and 
the walls are from 0.2 to 0.3 mm. thick. 

The hepatic cells lie in two or three rows, the outer of 
which is in contact with the basement membrane, while the 
pancreatic cells occupy the inner part of the wall of the 
acinus. The hepatic cells are of the columnar type with elon¬ 
gated nuclei, usually one to the cell. A large number of 
interstitial cells are present, some of which are squamous and 
some of which are spindle-shaped. The measurements vary 
from 10 to 20 n in length. The nuclei are round to ellipsoid 
and are exceedingly small. 

The pancreatic cells are more elongated than the hepatic 
cells, some of them being as long as 30 m- In the midregion 
of the wall of the acinus they are compact and closely grouped 
and the nuclei stain intensely in alum hematoxylin, whereas 
near the lumina they arc loosely associated and appear to be 
fibrous. The cells in the midregion are exceedingly granular, 
and in this respect resemble the pancreatic cells. 

I have already referred to the secretion of amylase, lipase, 
and trypsin as evidence that the organ performs a pancreatic 
function. The hepatic function is indicated by the deposition 
of fat and glycogen in the hepatic cells. The hepatopan- 
creases of specimens collected in May were removed in fresh 
condition and immediately fixed in formalin and absolute 
alcohol. Frozen sections of the formalin-fixed material were 
stained in scarlet red and counterstained in alum hema¬ 
toxylin, while celloidin sections of the alcohol-fixed material 
were stained in Best’s carmine and counterstained in alum 
hematoxylin. The sections stained in scarlet red and alum 
hematoxylin disclosed a remarkable condition: a line of de¬ 
marcation between the hepatic cells, in which large and small 
scarlet-stained globules of fat were deposited, and the pan¬ 
creatic cells, which were stained by the alum hematoxylin 
(fig. 3). As in Cambarus, the delineations of the hepatic cells 
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were clearly indicated by the arrangement of the globules of 
fat. The deposition of glycogen, the granules of which were 
stained by Best^s carmine, was intensely shown in the hepatic 
cells, and there was some evidence of glycogen in the pan¬ 
creatic cells. 


The liver of LoUgo pealii 

The liver of the s(iuid, Loligo pealii, is a lobulate organ 
which lies next to the heart along the ventral surface of the 
duodenum, and is attached to the gastro-intestinal tract by a 
heavy membrane (fig. 4). A sagittal fissure indicates that 
the organ in its present adult condition probably is the result 
of the fusion of two unequal lobes, which, fused as they are, 
give olT secretory capillaries into a common hepatic duct. 
The duct empties into the midportion of the blind sac. T have 
examined three specimens, and the average length of the 
livers was 2.1 cm. 

Microscopic examination discloses that the structure of the 
liver is not unlike that of the hepatopancreas of Cambarus 
virilis. In fact, the two organs are strikingly similar in gen¬ 
eral, but some of the details in Cambarus are lacking in 
Loligo. The liver is enveloped by a capsular membrane that 
is continuous with the connective tissue throughout the inter- 
acinar spaces; the membrane is present in (Cambarus, but I 
did not detect its relation to the connective tissue of the inter- 
acinar spaces. However, the secondary lobulations which de¬ 
limit anastomosing tubules, or the acini with the anastomos¬ 
ing and converging lumina, as 'well as the interacinar spaces 
in which the blood capillaries and the fibrous connective tissue 
are situated, are common to both species. 

The size of the acini varies considerably, and, due to the 
simple and compound arrangement of the entire organ, it is 
not feasible to determine exact dimensions. In brief, it is 
impossible to ascertain in every case just where a simple or 
a compound acinus begins and ends. However, an average 
acinus in cross-section is from 70 to 80 p by 40 to 45 m and the 
lumen or tubule 2 to 10 p broad, depending on the form of the 
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unit. A basement membrane surrounds each acinus and is 
continuous with the membranes of other acini, as well as with 
the capsular membrane of the entire organ (fig. 5). 

A single row of hepatic cells extends from the basement 
membrane to the intima, the latter separating the cells from 
the lumen. In general, the cells are of the columnar type, 
but spindle-shaped (interstitial) and squamous cells also are 
present (figs. 5 and 6), The latter kinds usually are situated 
in curvatures of the wall and the broad ends of the squamous 
cells are toward the convex surface. Naturally, there are ex¬ 
treme variations among the sizes of the cells, which range 
from 6 to 9 M by 18 to 25 m» and they are nearly always uni¬ 
nucleate. The nuclei are round to ellipsoid and measure from 
5 to 1214. 

The lumina of the acini, or the tubules, which anastomose 
and converge to foim the hepatic duct, serve as ‘bile’ capil¬ 
laries. There is evidence in cross-section that the secretion 
of the organ contains a greenish-yellow pigment, but I have 
not had fresh material on which to verify this assumption. 

I cannot estimate the exact gross blood supply of the organ, 
but sections show the branching arterial capillaries, which 
ramify throughout the interacinaf spaces (fig. 5). This evi¬ 
dence emphasizes the fact that the relation of the arterial 
capillaries to the hepatic cells is similar to that in the hepatic 
and pancreatic cells in Cambarus. The capillary wall con¬ 
sists of a layer of endothelial cells, which is supported by 
fibrous tissue. The capillaries lie along and in contact with 
the basement membrane, and it appears that the supply of 
blood to the cells is by osmosis. 

The specimens that I have used were collected in May. In 
tests for fat, fixation of tissue in 10 per cent formalin was 
followed by staining in scarlet red and counterstaining in 
alum hematoxylin. Fat-globules were shown in the cells (fig. 
5). Cytologic tests for glycogen were not satisfactory, prol^ 
ably on account of imperfect fixation in absolute alcohol. 
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Pig. 5 CroBs-aertion of th<* liver of Loligo pealii: two complete and parts of 
other acini, h.w., basement membrane; ca, capillary; f.eJ., fibro elastic tissue; 
I, lumen.. 

Fig. 6 Section of the liver of Loligo pealii, showing the acini, the interacinar 
spaces, and two arterial capillaries. 10 X 320. 

Pig. 7 The pyloric cecums (hepatopancreas) and the cardiac and pyloric 
stomachs of Molanoplus femur*rubrum. o, semidiagrammatic side view of a 
cecum; h, the dorsal snrface of the cardiac and pyloric stomachs. X 5. 

Pig. 8 Cross-section of one cecum of the hepatojjanereas of a nymph of 
Melanoplus femur-ru3)rum, showing fat in the hepatic cells. 10 fi, X 120. 
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The hepatopancreas of Melanoplus femur-rubrum 

The hepatopancreas of the locust, Melanoplus femur- 
rubrum, consists of six cecuins which are evaginations of the 
anterior portion of the true stomach (chyle stomach or ven- 
triculus) (fig, 9, A). The cecums lie parallel to the stomach 
and extend over a part of the esophagus (fig. 7). The points 
of attachment, which, histologically, are one, are at the same 
level, and these points are symmetrically arranged with ref¬ 
erence to the circumference of the stomach. Usually about 
four-fifths of each cecum is anterior to the points of attach¬ 
ment, but in some cases these lengths are reduced to one-third. 
There are variations among the lengths and diameters of 
the cecums of a first-year specimen; the lengths vary from 
7 to 7.5 mm. and the diameters from 0.7 to 1.9 mm. 

On gross dissection of the animal, the cecums are rela¬ 
tively obscure. Apparently, they are secured to the ventricu- 
lus by the malpigian tubules that empty into the anterior of 
the intestine. The relationship that exists between the 
hepatopancreas and the excretory organs I shall discuss fur¬ 
ther on. On account of the minuteness of the organs, the 
morphologic relation of the cecums to the ventriculus can be 
determined only by microscopic study. 

The acinus is the structural unit of the hepatopancreas. 
Each cecum is composed of simple and compound acini, the 
lumina of which converge into a common lumen or duct (fig. 
9, A and B). This duct is continuous with the lumen of the 
ventriculus. The acini are, therefore, radially arranged, and 
they present such an appearance even in the compound con¬ 
dition. A fibroserous coat envelops the cecum and is con¬ 
tinuous at the points of attachment to the ventriculus. 

The acinus, with its closed end adjacent to the fibroserous 
coat, is composed of these elements: hepatic cells, pancreatic 
cells, basement membrane, intima, and lumen of the tubule 
(fig. 9, B). The dimensions of the acini in an adult specimen 
collected in September vary widely. The lengths range from 
0.15 to 0.65 mm. and the diameters, from 0.12 to 0.18 mm. 
The diameters of the lumina vary from 0.15 to 0.35 mm. 
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The hepatic cells are of the columnar epithelial type, with 
the long axes at right angles to the basement membrane and 
the intima. Uusually, one cell extends from membrane to 
membrane or from the interacinar space to the lumen. A 
small percentage of the cells are of the interstitial type, 
these cells being so arranged among the columnar cells that 
their attenuations lie adjacent to the basement membrane and 
to the intima. At points of curvature in the acini the cells 
invariably are squamous with the broad end of the cell adja¬ 
cent to the convex surface. The dimensions of these cells 
are from 50 to 65 p by 14 io 20 m* The cell membranes are 
indistinct and the cytoplasm is non-granular and consistent 
except that a vacuole usually lies between the single nucleus 
and the intima. The round to ellipsoid nuclei stain brilliantly 
in methylene blue, and the membranes and the chromatin 
granules are distinct. Nucleoli regularly are present, one 
to each nucleus. The round nuclei range in diameter up to 
VA m; the ellipsoid nuclei measure 12 m by 18 n. 

The pancreatic cells occur in groups or islets, as in verte¬ 
brates, which are distributed in the acini throughout the 
liepatopancreas (fig. 9, B). The islets extend from the base¬ 
ment membrane to the intima, but more than half of the cells 
in a group are arranged next to the interacinar space. Squam¬ 
ous cells, with the large ends adjacent to the smaller, spindle- 
shaped or round cells, extend their attenuated ends toward 
the intima and reach to it. As a rule, there are at least three 
and not more than eight islets of pancreatic cells in any one 
acinus. From six to fifteen cells compose an islet. 

The smaller pancreatic cells are little more than intensely 
staining nuclei, for the cytoplasm and the cell membrane are 
relatively insignificant. The nuclei are round to ellipsoid and 
their greatest diameter is 13 jj. The cytoplasm is granular 
and vacuoles are absent. The larger squamous cells, which 
probably serve as pathways to the tubules for the secretion 
of the smaller, more remote cells are similar to the squamous 
hepatic cells in size and in the presence of the vacuoles. How¬ 
ever, the cytoplasm of these squamous, pancreatic cells is 
granular, and that of the hepatic cells is not. 
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In the region of attachment of the cecum to the stomach the 
digestive tract is lobulate in cross-section. That is, the fusion 
of the ventriculus and the six cecums present the appearance 
of a single canal with six peripheral lobes, all having a com¬ 
mon lumen. In the midregion of attachment the ventricular 
folds of digestive epithelium are replaced by the cells of the 
acini, but the acini are not as accentuated as they are in the 
more distal regions. They simply are invaginations of a wall 
of hepatic and pancreatic cells, which replace the digestive 
epithelium. 

The union of the cecum at the points of attachment to the 
ventriculus indicates not only the unity of the hepatopancreas, 
but also its structural part in the digestive tract. Its func¬ 
tional role in digestion also is clear. Pood in the process of 
digestion is found throughout the ventriculus and in the 
cecum, at least from the points of attachment to midway 
toward the posterior apexes of the cecum. 

Associated with the fibroserous coat of the cecum are layers 
of reticular tissue. Usually one or two strands are present 
on each of the inner and outer surfaces. The reticulum of the 
inner surface is therefore associated with the basement mem¬ 
brane of the acini. Indeed, the interacinar spaces are the 
chief foci of the reticular tissue, and the fibers are closely 
related to the hepatic and pancreatic cells near the lower ends 
of the acini. However, some acini are more infiltrated than 
others with this tissue, and it appears in the lumen of the 
cecum, being associated with the nephridiums of the mal- 
pighian tubules. 

The malpighian tubules, that are abundantly distributed in 
the peritoneal cavity, are attached to and closely associated 
with the fibroserous coat. These nephridiums are irregularly 
situated on the outer surface, and they enter one (in some 
cases, two) of the six cecums by way of a crypt, occupying, 
together with the reticular tissue, virtually all of the lumen. 

The hepatopancreas of specimens collected in September 
show little evidence of depositions of fat and glycogen in the 
hepatic cells. The globules of fat and the granules of gly- 
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cogen in the hepatic cells are rare and the latter are indis¬ 
tinct. However, in nymphs collected in June, fat and gly¬ 
cogen are abundantly distributed in the cytoplasm of the 
hepatic cells. Fat depositions, demonstrated by scarlet red 
and differentiated by alum hematoxylin, are minutely globu¬ 
lar, and the delineations of cells are even more clearly indi¬ 
cated than by a general stain (fig. 8). In some cells the glob¬ 
ules form a smooth plane of cytoplasm; in others, the outlines 



Fig. 9, A Cros8*8ecti<m of the pyloric stomach and the pyloric cecums (hepato- 
pancreas) of Melanoplus femur-rubrum. 10 X 50. 

Fig. 9, B Detailed drawing of an acinus. X 250. 

Fig. 9, C Detailed drawing of a fold of the digestive epithelium of the pyloric 
stomach. X 250. 
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of the globules delimit clear areas, and this reaction indicates 
that fat is not deposited homogeneously even during the 
period of the year that it is more abundant in the hepatic 
tissue. The clear areas simply denote parts of the cytoplasm 
free from fat deposition. The nuclei are stained remarkably 
well in the alum hematoxylin and form, with the scarlet red 
of the fat-globules, a beautiful histologic picture. 

As in the hepatopancreas of Cambarus virilis, the pancre¬ 
atic cells are stained only by the alum hematoxylin; clearly, 
the differential in function of the hepatic and pancreatic cells 
is sliown by their responses to stain. The outlines of the islets 
of pancreatic cells and their situations in the acini are easily 
determined, for, if the hepatic cells are considered the back¬ 
ground of the organ, the islets of pancreatic cells stand out in 
relief (fig. 8). 

DISCUSSION 

Although the results of the histologic study of the esopha¬ 
geal cecums of Nereis virens suggested that these structures 
probably constitute a primitive hepatopancreas, the evidence 
derived was not sufficient to warrant such a conclusion. In 
order to determine the morphologic entity and physiologic 
significance, one should have access to fresh material. How¬ 
ever, by the use of material prepared by professional col¬ 
lectors, I was able to demonstrate a marked similarity of the 
structure of these cecums to the structure of the pyloric ce¬ 
cums of Melanoplus femur-rubrum, which constitute in the 
latter the hepatopancreas. The most striking point of dis¬ 
tinction lies in the fact that a cecum of Nereis possesses more 
musculature than one of the six pyloric cecums of the hepato¬ 
pancreas of Melanoplus. In Nereis, as in Melanoplus, there 
is evidence of an acinous organ, each acinus possessing a 
basement membrane which supports a single row of cells. 
However, I have no evidence that these cells are of two kinds, 
hepatic and pancreatic. 

A comparison of the hepatopancreas of Asterias and Me¬ 
lanoplus with that of Cambarus (loc. cit.) emphasizes that 
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the organs are comparable in every histologic detail. Indeed, 
the liver of Loligo logically may be included in this compari- 
son if it is considered that the liver and pancreas in the latter 
are entities. The liver is a tubular organ of anastomosing 
acini. The acini each possess a basement membrane, a single 
row of cells, and a lumen which serves as a bile capillary. 
The arterial capillaries are situated in the interacinar spaces, 
and fibro-elastic tissue is iiresent in these spaces. Fibre- 
elastic tissue likewise is present in these spaces of the hepato- 
pancreas of Melanoplus, but its distribution in the hepato- 
pancreas of Asterias does not seem to be similar. 

The evidence seems to show, therefore, that the hepatopaii- 
creas of Cambarus (loc. cit.), Asterias, and Melanoplus, the 
liver of Loligo, and the esophageal cecum of Nereis are simi¬ 
lar in structure, and that the hepatopancreases in the three 
animals are similar in function. 

SUMMARY 

Modifications of the gastro-intestinal tract of Nereis virens, 
which probably are homologous with the hepatopancreas of 
(Jambarus, are two dorsolateral esophageal cecums. These 
are directed anteriorly and posteriorly from the point of at¬ 
tachment and parallel to the esophagus. The lumen of each 
cecum is continuous with the lumen of the esophagus. Each 
cecum is composed of acini, each of which possesses a single 
row’ of elongated cells bounded on the periphery by the base¬ 
ment membrane and separated from the lumen by the intima. 
Fibro-elastic tissue envelops each cecum and infiltrates the 
acini. Glycogen and fat are deposited in the elongated cells 
of specimens collected in September. It is probable that 
esophageal cecums secrete digestive fluid. 

The hepatopancreas of Asterias vulgaris consists of tw’o 
lobes in each of the five rays which lead into the pyloric 
stomach by means of the hepatopancreatic duct; the duct 
bifurcates as it passes from under the aboral disc. The lobes 
are identical and profusely branched into acini, each of which 
possesses a basement membrane and an intima. The lumina 
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of the acini anastomose and finally lead into the hepatopan¬ 
creatic duct. The hepatic cells lie in two or three rows, the 
outer of which adjoins the basement membrane. These cells 
are columnar and in the cells of specimens collected in May 
fat and glycogen are deposited. The pancreatic cells lie in 
the midregion of the acini. They secrete amylase, lipase, and 
trypsin. 

The liver of Loligo pealii is a lobulate organ, which lies 
on the ventral surface of the duodenum. The organ is en¬ 
veloped by a capsular membrane, which is continuous with 
the connective tissue throughout the interacinar spaces. The 
acini, the lumina of which anastomose and form a common 
hepatic duct which leads into the blind sac, possess a basement 
membrane, a single row of columnar cells, and an intima. The 
blood capillaries lie in the interacinar spaces. Fat is de¬ 
posited in the hepatic cells of specimens collected in May. 

The hepatopancreas of Melanoplus femur-rubrum consists 
of six pyloric cecums, which are histologically continuous with 
the digestive epithelium of the pyloric stomach. A fibroser- 
ous coat envelops each cecum. Each cecum is composed of 
simple and compound acini the lumen of which converge into 
a common duct which, in turn, lehds into the pyloric stomach. 
The acini each are composed of a basement membrane, hepatic 
and pancreatic cells, the intima, and the lumen of the tubule. 
The hepatic cells are columnar and a single row lies between 
the basement membrane and the intima. The pancreatic cells 
occur in islets of three to eight cells, which may. likewise ex¬ 
tend from the basement membrane to the intima, but more 
often lie adjacent to the basement membrane. The reticular 
tissue, which is associated with the fibroserous coat, lies in 
the interacinar spaces. Fat and glycogen are abundantly 
deposited in the hepatic cells of specimens collected in June. 
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The objpct of the present s4;udy is to determine by quantitative means the rate at which 
a sriveii number of paramecia can utilize the various amino-acids and to study factors 
inAueneinf thia rate. 

The method eOBidfted in testing the rate of utilization of isolated and mixtures of 
amiAe>aeids by a known number of Paraineciuni caudatuni. The amino-acids were used m 
0.1 per cent aolution and were tested, by the llennques-Sorensen forniol titration method for 
atninO'CCidSi at the becinnmg and after the paramecia had lived in these aminu-acids for 
twtdTC hours. The dUference between these tw'o testa, figured in percentage, is considered, as 
the amount utUucd by the paramecia. The part played by bacteria w'as found to be 
nefUfible when isolated ainino-acids were studied The iiiAuence of temperature on the 
rate of utilization of the amtno-acids has been studied, and the results show a direct 
relationship between the two. 

The rate of utilization was decreased bv anaesthetics and nitroglycerin. A careful 
study has been made of a number of isolated anuno-acidK and the rate of utilization of each 
discussed in relationship to the others studied An explanation of why one ammo-acid was 
used more than another ainino-acid was sought for, but not found. A detailed discussion of 
the above points has been presented in the body of the paper 


That protozoa can metabolize various protein substances, 
such as liacteria, egg albumen, and other nitrogenous frag¬ 
ments, has long been known. The early investigators in this 
field have shown that many unicellular organisms have the 
necessary enzymes to enable them to digest animal proteins 
and utilize the end products for maiuteuauce and growth. 
A few workers have presented evidence sliowing that the 
nitrogen metabolism of lower organisms differs from that in 
higher animals in that some protozoa do not require tlie es¬ 
sential amino-acids for growth, but may obtain their nitrogen 
from simpler sources of an inorganic nature. The object of 
the present study is to determine by quantitative means the 
rate at which a given number of paramecia can utilize the vari¬ 
ous amino-acids and to study some factors infiueuciug this 
rate. 

‘ Data taken from the thesis submitted to the Graduate School of the Univer¬ 
sity of Wiseousiu iu partial fulfillment of the requirements for the I'h.I). degree. 
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EXPERIMENTAL METHOPS USBP IN THIS STUDT 

T1h> protozoa used throughout this study were pure cul¬ 
tures of Paramecium caudatum, which were grown in large 
numbers in glass jars of about two gallons’ capacity. The 
culture medium was made from boiled lake water by adding 
dried, lake-lily leaves which had been dampened and heate<l 
in a hot-air oven to 90° C. for one-half hour just before using, 
in order to destroy any protozoan spores that may have been 
on the leaves. Since the concentration of this medium can 
vary within wide limits, it is not necessary to measure the 
water or w'eigh the leaves in order to get abundant growth. 
By this method a pure culture of paramecia has been kept in 
the laboratory for over three months without any sign of de¬ 
pression, provided about one pint of boiled lake water and 
a very small handful of the lake-lily leaves are added daily. 
The entire contents of each jar was emptied about every three 
weeks, a fresh medium was prepared, and paramecia added 
from neighboring jars. One quart of infusion is a sufficient 
amount on which to start a culture and also leaves ample 
room in the jar for the addition of the daily food and water. 

The paramecia grow in great numbers in cultures of this 
kind and collected as white masses at the top of the medium. 
When a quantity of paramecia was wanted, these white masses 
were skimmed off and strained through cheesecloth in order 
to remove any bits of leaves that might be present. The 
strained liquid was then centrifuged at sufficient speed to 
throw the paramecia to the bottom, the supernatant liquid 
and dirt were aspirated off with a suction flask and the organ¬ 
isms washed out of the centrifuge tube with a little water. 
By this means 5 to 15 cc. of a protoplasmic mass free from 
dirt and containing only live paramecia could be collected in 
about one hour’s time. Paramecia collected in this way were, 
as far as could be determined by microscopic examination, 
normal in activity and appearance and may for all practical 
purposes be considered as normal animals. 

The organisms were usually collected two or three hours 
before using, and because of the great numbers present they 



MXTABOIjISH of amino-acids by PARAMECIUM 


557 


■w&tt kept in a beaker at about 15°C. or at room temperature 
wiik air babbling through them to prevent death by suffoca¬ 
tion. B^ore putting the paramecia in the test fluids they 
yrefe one to three times by centrifuging in sterile 

natdrifuge tubes, pouring off the supernatant fluid and shak¬ 
ing in sterile tap-water. In this way the bacteria wore re¬ 
duced to not more than one bacterium to one paramecium. 

In some ways it would seem more satisfactory to have com¬ 
pared the various amino-acids at the same molecular concen¬ 
trations. On the other hand, this would have been impossible 
in the caae of the aminoids, and it would have been none too 
convenient in the experiments in wdiich combinations of 
amino-acids were used. That the results do not depend on 
any of the physical factors associated with a gram molecular 
solution is evidenced by the similar percentage utilizations 
of such compounds as phenylalanine and glycocoll, since 
phenylalanine has a molemile some three times larger than 
glycocoll. For these reasons, the amino-acids were compared 
at the same percentage strength. 

PEBPABATION OF THE AMINO-ACID SOLUTION 

In the beginning experiments aminoids, a mixture of amino- 
acids cimtaining 9.5 per cent of total nitrogen and 5.7 per 
cent of amino nitrogen, prepared by the Arlington Chemical 
Oo-, Yonkers, New York, w’ere used and in the later work 
isoUted amino-acsids^ were tested. In either case the material 
to Wiosted was accurately weighed, some distilled water was 
added, uid the solution sterilized by boiling in a hot-air oven 

* The wrher hai not tested the purity of these aniino'acids. The tryptophane 
aia4a harB in tlM^> organic chemistry laboratory and presented to me by 
P, the Bacteriology Department. I am indebted to Dr. 8. 

^ tl|e Z<^6logy Department, for making the tyrosin. The remaining 
Ukam purchased from the Special Chemicals Co., Highland Park, 
XHinoisc Blr. % W. Burleigh, the chief chemist of this company, has written 
me the **We take as our criterion of purity a Van Slyke amino 

ttitrogen dsijtafil^Bation and when this comes within two-tenths of one per cent 
ojf the tibeeDj^ieal, the material is approved. The methods of manufacture are 
such that only mere traces of other materials could be present and the cost 
of nakhiig ^quantitative analysis of such high priced material is prohibitive. ’ * 
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for five minutes. When the solution was cool, the hydrogen- 
ion concentration was adjusted, by adding a solution of sodium 
bicarbonate or weak hydrochloric acid in case the solution was 
alkaline. The optimal pH was between 6 and 7.5, as nearly 
as could be determined by the use of phenolphthalein and 
methyl red as indicators. The total volume of the solution 
was now measured, the washed paramecia were added along 
with enough sterile tap-water to make the total volume equal 
1 cc. per milligram of amino-acid. This procedure resulted in 
a 0.1 per cent solution, including the paramecia which repre¬ 
sented about 4 cc. of protoplasm in each 100 cc. Enough of 
this solution to yield 60 cc. of supernatant fluid was centri¬ 
fuged, the supernatant fluid put into a sterile flask and heated 
to 45°C. for a few minutes, in order to kill the few paramecia 
that had not been thrown down by the centrifuge. This 
supernatant fluid served as the two controls, one-half, or 
30 cc., was set aside at room temperature as a bacterial con¬ 
trol, while the other half, after the addition of thymol, was 
set aside to be tested at the end of the experiment. This 
second control, therefore, represented a sample of the ma¬ 
terial at the beginning of the test, and the first control repre¬ 
sented a similar sample subject to the action of the bacteria 
present. The bacterial control was used throughout all the 
experiments, although it was demonstrated that the bacteria 
present were able to change noticeably only the aminoid solu¬ 
tion. The single amino-acids or mixtures of these isolated 
amino-acids were not noticeably affected by the bacteria 
present during the twelve-hour test period. 

The original 0.1 per cent amino-acid solution with the para¬ 
mecia in it was now stirred thoroughly, a sample was removed 
for counting, and the remainder was divided by means of a 
sterile graduate cylinder into 40-cc. samples, whidh were each 
set aside in sterile 250-cc. Erlenmeyer flasks to be tested at the 
end of the experiment. The usual test period was twelve 
hours, except that when anaesthetics were used it wa« Six 
liours. 
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The method for counting the paramecia consisted in diluting 
1 cc. of the test sample to 100 cc. and counting the paramecia 
in 0.2 cc. of the diluted sample, by means of a microscope with 
a mechanical stage attached. To facilitate counting, the 
paramecia were stained with a dilute LugoPs solution of 
iodine. The average count of six 0.2-cc. samples was ob¬ 
tained at the beginning and at the end of the experiment, and 
from this figure the number present in the original test flasks 
was calculated. A 0.2-ec. sample of the 1-100 dilution usually 
showed 140 to 170 paramecia per cubic centimeter, or equi¬ 
valent to 70 to 85 thousand in each cubic centimeter of the 
original test solution. The tips of all the pipettes used in 
pipetting paramecia were cut off, in order to give a larger 
opening and allow a more uniform sample to be asperated 
into the pipette. The error in a method sucli as described 
above for the counting of paramecia is not in the actual count¬ 
ing itself, but in the difficulty encountered in obtaining a 
uniform distribution of the paramecia in the solution and in 
transferring by means of a pipette a representative sample 
of this solution to a slide. Actual calculation based on one 
hundred samples of 0.2 cc. each taken at random from the 
experimental data has shown the error of counting to be 
about 10 per cent. This error has been reduced to some 
extent by using the average of the twelve samples counted 
in each test as mentioned above. 

METHOD OF TESTING THE AMINO-ACIDS 

The method used throughout these experiments for testing 
the amino-acids was, with slight modifications, the Henriques- 
Sorensen formoltitration method as described by Hawk (’23). 
The sodium hydroxide used was a N/70 solution which was 
standardized with N/10 hydrochloric acid every four to six 
weeks. This NoOH solution was kept in a large glass bottle 
and siphoned tSirough glass tubing into the burette as needed. 
All the air that entered the supply bottle and burette passed 
over soda Ume; in this way the dilute NaOH solution was 
kept approximately N/70 normal at all times. The burette 
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used was standardized and graduated to be read in one- 
hundredths of a cubic centimeter and by the use of a glass 
bead in a rubber pinch-cock one-fiftieth of a cubic centimeter 
could easily be withdrawn. 

As already explained, the experiments here consisted of 
keeping paramecia in 0.1 per cent solution of the various 
amino-acids and determining the amount of the amino-acids 
metabolized by the paramecia. This procedure has made 
necessary the testing of, 1) a sample of the solution taken at 
the beginning of each test, as represented by the second 
control described above; 2) the testing of a bacteria control, 
and, 3) samples taken from the test fiask at the end. of the 
test. In order to remove the ammonia given off by the para¬ 
mecia during the test, 30 cc. of the amino-acid solution in 
wliich they had lived were shaken for three minutes in large 
test-tubes with 3 grams of permutit. The slight turbidity 
from the permutit made the end point of titration easier to 
read, therefore the controls, although ammonia-free, were 
likewise shaken with jicrmutit. The removal of certain amino- 
acids by permutit is discussed under results. By means of 
a standardized pipette, 10 cc. of the ammonia-free amino-acid 
solution was placed in a 150-cc. Eflenmeyer flask, three drops 
of phenolphthalein were added and enough of the NaOH 
solution run in to give a faint pink color. Immediately 2 cc. 
of formalin, likewise made faintly pink to phenolphthalein, 
were added, the acidity thus produced was titrated with the 
N/70 NaOH and the readings recorded. The average of two 
duplicate samples was taken to represent the smino-acid pres¬ 
ent and is referred to as a test in the tables. The amount 
of the NaOH used in titrating the controls was compared 
with the amount used in titrating each test sample mad the 
percentage decrease of amino-acid in the test samifles thereby 
determined. This percentage decrease in tibe amino-acids 
is considered as the amount utilized by the parmnecia. In 
case of aminoids, which, unlike isolated amino-acids, are 
utilized by bacteria, the per cent used by the bacteria was 
obtained, by comparing the two controls as prevaonsly do- 
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scribed, and this per cent was deducted from the total amount 
used in order to get the actual amount metabolized by the 
paramecia. This point is discussed in detail under the next 
section. 

TABLE 1 

Data showing the percentage dcrrcase in a 0.1 per cent solution of the various 
amino-acids indicated at the end of a iwelvediour test. The figure.^ 
represent the mean average of ten tists for each amino-acid 


TAhrUriATKI) 


AMlNO-AOXng 

NUMBER or 1 

i PARAMKOIA PER , 

PER CENT 

MILLIOKAMS 

, rsKi) nv 

100,000 
PARAMECIA 

PER CUBIC 

STANDARD 


OI^BIC ! 

CENTIMETER , 

1 TILIZATJON 

DKMATION 


' 


CISNTIMKTKR 


Alanine 

62,400 ! 

9.7 

' .15.) 

1 .0265 

Arginine 

69,200 ' 

11.0 

.159 

.0113 

Aspartic acid 
Cysteine 

65,000 i 

16.3 

I .251 

.0311 

hydrochloride 

j 79,500 

20.9 

.263 

.0572 

Glutamic acid 
Glutamic acid 

j 69,700 

9.2 

.132 

j .0426 

hydrochloride 

i 67,500 

29.4 

j .436 

i .0458 

Glycocoll 

72,000 

6.9 

; .096 

.0136 

Leucine 

76,700 

9,2 

.120 

.0322 

Phenylalanine | 

80,600 

6.2 

1 .077 

.0063 

Tryptophane 

73,000 1 

7.0 

j .096 

‘ .0156 

Tyrosin 

70,600 ! 

12.5 

1 .177 

.0241 

Mixture * 

72,100 1 

34.1 

1 .473 

1 

.0584 

* This mixture consisted of equal 

parts of alanine, aspartic acid, 

cysteine liydro- 


chloride, glutamic acid, glutamic acid hydrochloride, glycocoll, leucine, phen¬ 
ylalanine, tryptophane, and tyrosiu. 

EESULTS 

The results obtained throughout these experiments are 
based upon the per cent reduction of titratable amino-acids 
when subjected to the action of paramecia for six to twelve 
hours at room temperature of about 25°C. In order to have 
a clearer understanding of the rate at which the various 
amino-aeidto are used, all the tables are calculated on 100,000 
paramecia per cubic centimeter. Table 1 shows the data for 
&e individiial amino-acids, while table 2 gives the relation 
of eadh momo-acid to all the others tested. Since 1 mg. of 
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amino-acid was used per cubic centimeter, the tables may be 
in milligrams or percentage. The amino-acids studied 
are discussed in alphabetical order as follows: 

Aminoids, The composition of the aminoids has been previ¬ 
ously discussed. The small cost of this material has made it 
possible to try a large number of preliminary tests. These 
tests for the most part were done in the early part of the 
work and consisted chiefly in refining the technique of titra¬ 
tion, removal of ammonia, and controlling the bacteria factor. 
Without this preliminary work, the experiments on the ex¬ 
pensive isolated amino-acids would not have been possible. 

Ammonia is produced by paramocia and must be removed 
before the amino-acids are titrated, because the Henriques- 
Sorensen method gives both ammonia and amino-acids. In 
these experiments the ammonia w^as removed by permutit, as 
recommended by Folin and Bell (’17). When ammonia is 
removed from aminoids by x)ermufit, complications arise, be¬ 
cause some of the amino-acids in the aminoid solution are 
likewise removed. Since the controls were also shaken with 
permutit, a similar amount of amino-acids would be expected 
to be removed from the controls, but the amount removed 
has been found to vary somewhat wuth the percentage of 
ammonia present. A number of experiments were therefore 
tried by adding ammonium chloride to a 0.1 per cent aminoid 
solution in amounts similar to the ammonia given off by the 
paramecia. This aminoid-and-ammonium-chloride solution, 
as well as samples of the original 0.1 per cent aminoid solu¬ 
tion, were shaken in a similar quantity of permutit and the 
amino-acid titration of the tw^o compared. The results showed 
that about 5 per cent more amino-acids had been removed 
from an ammonia-free aminoid solution than from an aminoid 
solution containing an amount of ammonium chloride equiv¬ 
alent to 1.5 cc. of N/70 NaOH in each 10 cc. It w^as also 
found that the larger part of the amino-acids that permutit 
would remove could be extracted by shaking the aminoid 
solution twice with permutit; therefore, in the results here 
reported, the aminoid solution was treated twice with permutit 
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before sterUization. By this method the error in the anan^Rja 
factor is somewhere around 3 per cent, which is wdl wil^^jii 
the variability of the results obtained. It should he mo¬ 
tioned that all attempts to remove the annnonia, by bubbling 
air through an alkaline solution of a 0.1 per cent anunoids, 
have resulted in a destruction of the titratable amino-acids 


present. 

It was found in the beginning part of the work that bacteria 
have surprising power to reduce the titratable amino-acids 
in a solution of aminoids. This factor was controlled by 
using supernatant fluid from centrifuged samples of the test 
flasks. This supernatant fluid, when centrifuged twice at a 
rate sufficient to throw down the paramecia and th«a heated 
to 45°0. to kill the few paramecia remaining, still contained 
live bacteria. Agar and gelatin plates that had been inocu¬ 
lated at the beginning of the experiment with dilutions from 
the control and test flasks showed that the bacteria content 
of each was about the same. It was found that the number 
of bacteria usually were less than 50,000 per cubic centimeter 
and in a few cases less than 10,000. 4t the end of the ex¬ 
periment, the control flask showed an increase in bacteria, 
while the test solution remained about the same and in smne 


cases showed a marked decrease. These results were ijn- 

terpreted to mean that the paramecia in^^e test solution had 

digested the bacteria at a rate equal to, or gpreater than, the 

rate of reproduction of the latter. Similar observa|ti(m4. on 

the reduction of bacteria by paramecia have been i^pof^W 

Woodruff and Baitsell (11). From these observations it 

seems evident that the controls used were sde^iaate in ct>n- 

trolling the part played by bacteria in these 

per cent utilized by bacteria was determined by ,oo|i3^>i|^^ 

the bacteria control with the original solution^ 

age, representing the part played by bacteria,'then 8^^ 

tracted from the total utilization of bacteria and, 

and the result obtained taken to represent the 

the paramecia. ' . 
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The amount of aminoids utilized by paramecia is more than 
that with any other amino-acid solution tried, but the varia¬ 
bility is decidedly marked. Within the several flasks of any 
one series the variability is small as compared with the 
isolated amino-acids, but the variability is large when one 
series of tests is compared to any other similar series, even 
though the results were all calculated on a standard basis 
of 100,000 paramecia per cubic centimeter for a test period 
of twelve hours. This variability in many instances was 
more than 50 per cent. 

Since constant results were obtained with the various 
samples within a single series, an opportunity was afforded to 
study some factors influencing the rate of utilization. The 
influence of temperature was determined by placing 0.1 per 
cent aminoid solutions in control and culture flasks at various 
temperatures. In each series two of these flasks were placed 
at each of the four temperatures, 5°, 17”, 22”, and 82”(/. At 
the end of twelve hours, the amount of amino-acids was de¬ 
termined. Five series representing ten tests at each tempera¬ 
ture have been plotted in graphic form in figure 1. The in¬ 
creased rate of utilization seen when the 5”C/. flask was put 
at a room temperature of 22°(\ indicates that the paramecia 
were not killed after being at a temperature of 5”C. for 
twelve hours. The utilization at 32”(.\ was extremely high, 
being 46 per cent. 

The effect of anaesthetics upon the utilization of aminoids 
was tried and the results obtained compared with the normal. 
Air that had bubbled through ether and chloroform was 
passed through the test samples. Both of these substances 
produced marked anaesthesia, and if carried too far killed 
the paramecia. By microscopic examination from time to 
time during the experiment the anaesthetic could be con¬ 
trolled so as to keep the paramecia in a depressed state, but 
still motile. The degree of anaesthesia affected directly the 
rate of utilization, reducing it in the case of chloroform to 
17 per cent and in ether, to 8 per cent, as compared to 25 per 
cent in the normal (fig. 2). The air was bubbled through the 
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solution at the rate of one small bubble per second, and ether, 
being more volatile, gave the deeper anaesthesia under these 
conditions, and therefore the greater decrease in utilization. 
Ethylene gas was bubbled through the solution two or three 
times faster than ether or chloroform without producing any 
marked microscopic signs of slowing the movement of the 
paramecia. In a few preliminary tests a stimulating effect 
was observed, but this could not again be produced. That 
ethylene may at times have a slight stimulating effect on 



Fig. 1 Curves showing the per cent of utilization, at various temperaturos, 
of a))out a 0.1 per cent aminoid solution by 50,000 paramecia per cubic centi* 
meter. 

Fig. 2 ('Urves sliowing the decrease in metabolism brought about by the 
substances indicated. The data are based on 100,000 paramecia per cubic 
centimeter in about a 0.1 per cent aminoid solution. (The nitroglycerin was 
used in 1-50,000 solution.) 


oxygen consumption can be seen in tbe graphs of I^eichsen- 
ring (’25), although this author concludes that the effect is 
slight or absent. In the experiment reported here there was 
generally a slight decrease in utilization, which may have been 
due to a slight toxicity instead of anaesthesia, as is seen in 
the case of nitroglycerin when used in 1-50,000 dilntiini, as 
shown in figure 2. 

Alanine. The percentage utilization of alanine is quite 
constant, with a mean average of 15.5 per cent daring a 



METABOLISM OP AMINO-ACIDS BY PARAMECIUM 


567 


twelve-hour test, and a standard deviation of 0.02(55. In work¬ 
ing out the probability that this result is not due to chance, 
the method of Student (’08) has been used. This method 
takes into consideration the pairing of the samples which 
refer here to the control and luc test samples. When the 
mean average of the difference between two pairs is divided 
by the standard deviation, a figure is obtained which Student 
has called Z. The value of Z is obtained from a table (Student, 
’08, or Love, ’24) which gives the odds that these results 
may occur again. In case of alanine, (able 1, the value of Z 
would be 6—a value which is too high to be read from the 
tables—but if the value were 3 the odds would be 100,000 to 1 
that such a large variation, between the control and test 
sample, is not due to chance alone. A comparison of alanine 
with the other amino-acids is shown in table 2. In this table 
the Student method is likewise used for obtaining the odds, 
the larger standard deviation, of the two amino-acids being 
used in obtaining the value Z. As shown in this table, alanine 
is utilized to about the same extent as arginine, the odds being 
only 2 to 1 that argine is utilized more. 

Argenine. The error in the removal of arginine by permutit 
was worked out as with the aminoids mentioned above. The 
results obtained were constant as represented by a standard 
deviation of 0.0113. The rate of utilization was 15.9 per cent, 
which places arginine between alanine and tyrosin; however, 
the odds are only 2 to 1 that arginine is used more than 
alanine and 37 to 1 that tyrosin is used the more (tables 1 
and 2). 

Aspartic acid. The results obtained wshow a mean rate of 
utilization of 25.1 per cent, during a twelve-hour test, and 
quite a large variation between the tests. The standard 
deviation is also quite large, being 0.0311, but relatively small 
when compared with the mean. Aspartic acid ranks between 
tyrosin and cysteine hydrochloride in its rate of utilization. 
The odds are 33,000 to 1 that aspartic acid is used more than 
tyrosin and 3 to 1 that cysteine hydrochloride is utilized more 
than aspartic acid. 
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Cysteine hydroehloride. The rate of utilization is similar 
to aspartic acid, being 26.3 per cent during a twelve-hour test, 
which is higher than any other amino-acid except glutamic 
acid hydrochloride. As represented in table 2, the odds are 
only 3 to 1 that cysteine hydrochloride is utilized more than 
asx)artic acid, but 100,000 to 1 that it is metabolized less than 
glutamic acid hydrochloride. It was not found to be removed 
by commercial permutit, but freshly cleaned permutit in some 
cases seemed to remove it slightly. 

Cystine, This amino-acid is practically insoluble in water, 
only a small fraction going into solution. Permutit will re¬ 
move cystine in small amounts, which may have obscured a 
small rate of utilization, if present. In a series of tests it 
was found that cystine was not used in amounts sufficient to 
be detected. The constancy of the results obtained indicated 
as nearly as can be calculated that if cystine had been utilized 
at the rate of 1 per cent during a twelve-hour test it would 
have been detected. Since cystine was not found to be used 
and cysteine hydrochloride was readily metabolized, it seems 
evident that paramecia cannot change cystine to cysteine, as 
had been reported in higher animals by Lewis, Updegraff, and 
McGinty (’24). 

Glutamic acid. The results obtained with glutamic acid as 
shown in table 1, were quite variable as represented by a 
standard deviation of 0.0426. The mean rate of utilization is 
relatively small, being 13.2 per cent during a twelve-hour 
test, which places it between leucine on the one, side and 
alanine on the other (table 2). The odds are 4 to 1 that 
glutamic acid is metabolized more thaxi leucine, and 14 to 1 
that it is less than alanine. 

Glutamic aend hydrochloride. It is interesting to note that 
the hydrochloride form of glutamic acid shows a mean per¬ 
centage of utilization of 43.6 per cent during a twelve-hour 
test, or more than three times that of glutamic acid and 
greater than any other amino-acid. Since the tests were 
carried out in the same manner in the two cases, it seems 
likely that some specific factor or factors are present which 
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enables glutamic acid hydrochloride to be utilized more 
readily by paramecia. The standard deviation, like glutamic 
acid, is high, being 0.0458. When compared with the mixture 
of amino-acids, the odds are 49 to 1 that the mixture is used 
more; on the other hand, the odds are more than 100,000 to 1 
that glutamic acid hydrochloride is utilized more than cysteine 
hydrochloride (table 2). 

GlycoeoU, About forty different tests have been conducted 
with glycocoll, and ten of these showing a mean average of 
9.6 per cent during a twelve-hour test are given in table 1. 
In respect to tlie other amino-acids, glycocoll ranks between 
phenylalanine and leucine, with odds of 900 to 1 that it is 
metabolized more than i)henylalanine and 37 to 1 that it is 
used less than leu(*ine. Glycocoll is removed by permutit, so 
this error had to ho taken into account and was workc^d out 
as with the aminoids previously discussed. The removal of 
ammonia by bubbling air through a 0,1 per cent solution of 
glycocoll in a 1 per cent solution of sodium bicarbonate at 
TO'^C'. has given results comparable to those o})tained by 
permutit, but this method of removing ammonia is uncertain, 
due to the fact that a part of the glycocoll may be destroycni. 
In some cases, after removing the ammonia by permutit, the 
test samples were passed through a microfilter, which re¬ 
moved the protein fragments of dead paramecia and allowed 
only the amino-acid to pass through. This cl(*ar solution was 
tested for nitrogen by a microcheraical method similar to 
that described by Folin and Farmer (’12). The control 
samples were similarly shaken in permutit, likewise filtered 
and tested, and the results compared to the test samples. A 
series of ten tests shows a mean average of 7.2 per cent, as 
compared to 9.6 per cent by the formol-titration method. It 
is to be noted that this method does not give as high a percent¬ 
age of utilization as does the formol-titration method shown 
in table 1. One explanation of this difference may be due to 
the fact that paramecia excrete other nitrogenous products 
beside ammonia, and these would influence the results ob¬ 
tained by the total nitrogen method, and therefore lessen the 
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total rate of utilization. At least one nitrogenous excretory 
product other than ammonia, namely, uric acid, has been 
reported (Griffith, ’89, and Howland, ’24). 

Histidine. The removal of ammonia by bubbling air 
through the test samples of a 0.1 per cent solution of histidine, 
made alkaline with sodium bicarbonate or magnesium oxide, 
has been found to destroy the histidine. With permutit 
histidine is removed from solution with remarkable ease, as 
much as two-thirds of a 0.1 per cent solution being removed 
by the usual amount of permutit used in removing ammonia. 
As nearly as could be determined, the utilization of histidine 
is around 10 to 15 per cent, but the correction for the histidine 
removed by the permutit is so great that the results are 
somewhat confusing and are therefore not given in a table. 

Leucine. This amino-acid is used only moderately. When 
compared to the others, it ranks above tryptophane and gly- 
cocoll and below glutamic acid. The odds are ;?7 to 1 that 
it is utilized more than glycocoll or tryptophane and 4 to 1 
that it is less than glutamic acid (table 2). The rate of 
utilization is quite variable, as shown by a standard deviation 
of 0.0322 and a mean average of 12 per cent during a t welve- 
hour test (table 1). 

Ly.sine. Like histidine, lysine is readily removed by per¬ 
mutit, and therefore its rate of utilization is uncertain. As 
nearly as could be determined, lysin picrate is utilized about 
5 per cent, but the results are too uncertain to place this 
amino-acid in a table or to compare it to other amino-acids. 

Phenylcdine. The rate of utilization of phenylaline, as 
shown in table 1, is only 7.7 per cent during a twelve-hour 
test, being the least of all the amino-acids tested, and like¬ 
wise the standard deviation, which is 0.0063, is the least. 
When compared to glycocoll or, tryptophane, the odds are 
900 to 1 in favor of glycocoll being utilized more, and 344 to 1 
in favor of tryptophane (table 2). 

Tryptophane. The rate of utilization of tryptophane was 
the same as that of glycocoll, with a mean average of 9.6 per 
cent during a twelve-hour test, but the standard deviation 
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was higher, being 0.0156, as shown in table 1. When com¬ 
pared to phenylalanine, the odds are 344 to 1 in favor of 
tryptophane being more readily used. On the other hand, the 
odds are 37 to 1 that leucine is utilized more than tryptophane 
(table 2). Both commercial tryptophane and that made in 
the chemistry laboratory here were tried and found to give 
comparable results. 

Tyrosin. Due to the slight solubility of tyrosin, 0.05 per 
cent solutions were tested and the data calculated on a 0.1 
per cent solution basis, so it could be compared with the 
results obtained for the other amino-acids. The mean aver¬ 
age is 17.7 per cent during a twelve-hour test and the standard 
deviation is 0.0241. In table 2 tyrosin is placed between 
arginine and aspartic acid. The odds are 37 to 1 that tyrosin 
is utilized more than arginine and 33,000 to 1 in favor of 
aspartic acid when compared to tyrosin. Like tryptophane, 
both commercial and tyrosin prepared in the laboratory were 
used with comparable results. 

Mixture of amino-acids. This mixture contained equal 
parts of ten amino-acids consisting of alanine, aspartic acid, 
cysteine hydrochloride, glutamic acid, glutamic acid hydro¬ 
chloride, glycocoll, leucine, phenylalanine, tryptophane, and 
tyrosin. A 0.1 per cent solution was used and the tests car¬ 
ried out as with the other amino-acids. The results show 
this mixture to be utilized more than any of the amino-acids 
tested, having a mean average of 48.3 per cent (table 1). 
The variability in the rate of utilization is quite high as 
represented by a standard deviation of 0.0584. When com¬ 
pared to glutamic acid hydrochloride (table 2), the odds arc 
49 to 1 in favor of the mixture being utilized more. It was 
thought that the high rate of utilization of this mixture might 
be due to the influence of glutamic acid hydrochloride and 
cysteine hydrochloride, which have been shown to be utilized 
more than any of the other amino-acids. In a second series, 
consisting of six tests, these two amino-acids were left out 
and the other eight amino-acids mentioned above were used. 
The results obtained show a similar rate of utilization as 
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when glutamic acid hydrochloride and cysteine hydrochloride 
were present, which indicates these two amino-acids are not 
responsible for the high rate of utilization obtained with an 
amino-acid mixture. As to why a mixture of amino-acids 
should be utilized more than any one of the amino-acids taken 
separately is an interesting speculation. It may be due to a 
slight summation effect of all the amino-acids used in the 
mixture or to the stimulating effect of certain amino-acids or 
to a combination of factors which are not at all clear. 

Ammonia. The amount of ammonia produced by the para- 
mecia was determined by the formol-titration method de¬ 
scribed for amino-acids. Since N/70 NaOH was used in 
these determinations, the amount of ammonia is reported in 
cubic centimeters of N/70 NaOH. The results based on the 
average of ten tests for each solution show that the amount of 
ammonia given off by 100,(XK) paramecia during a twelve-hour 
period in tap-water was 0.64 cc., in glycocoll 1.04 cc., in tyrosin 
1.27 cc., and in a mixture of ten amino-acids 2.25 cc. When 
the rate of utilization of these amino-acids (glycocoll 9.6 per 
cent, tyrosin 17.7 per cent, and a mixture of ten amino-acids 
48.3 per cent) is compared to the ammonia produced, it will 
be seen that the greater the metabolism the greater the 
amount of ammonia produced. 

DISCUSSION 

As has been discussed under the preparation of the amino- 
acid solution, the amino-acids used in these experiments were, 
with the exception of tyrosin and tryptophane, commercially 
prepared. If there were impurities hi these amino-acids, it 
is very unlikely that the amount of these impurities was 
sufficiently great to materially alter the results obtained. It 
should be borne in mind that the experiments here reported 
are not based on growth and maintenance determinations, but 
upon the rate of utilization during a twelve-hour test; there¬ 
fore, traces of other amino-acids or non-toxic substances 
would not noticeably influence the results. Tests made on 
the comparison of both commercial and laboratory prepara- 
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tioiis of lyrosin and of tryptophane failed to sliow any dif¬ 
ference between the two products. 

It was observed by microscopic examinations of the living 
paramecia, made from time to time during the test periods, 
that the animals appeared normal in all the amino-acids but 
cystine. The fact that the paramecia appeared starved when 
in the cystine solution gives further evidence that the other 
amino-acids were utilized for energy requirements. 

The x)art played by bacteria and dead paramecia is a ques¬ 
tion of considerable imyiortance. Samples of the controls and 
test solutions when })lated on agar and gelatin plates were 
found to contain a similar number of bacteria. The utiliza¬ 
tion* by the bacteria was determined, and in this way the 
true utilization of the aminoid solution by the paramecia has 
been very closely calculated, as has been discussed under 
aminoids. Under the conditions of these experiments, the 
bacteria present did not noticeably change any of the isolated 
amino-acid solutions. The bacteria and paramecia have been 
counted, and these counts show usually less tlian one bacterium 
to one j)aramecium in the teat samples. A further reduction 
of the bacteria by washing the paramecia repeatedly in sterile 
water is possible, but dangerous to the normal state of the 
paramecia. In consideration of these facts, it seems the con¬ 
trols used were as adequate as possible and that the error 
in the results due to the influence of bacteria on isolated 
amino-acid solutions is for all practical purposes negligible. 
Aside from bacteria, protein substances from dead jjaramecia 
are present. Calculations based upon 300 counts at the begin¬ 
ning and 300 counts at the end of the same experiments have 
shown that an average of 1300 paramecia per cubic centimeter, 
or about 1.5 per cent of the paramecia, died during the test. 
Samples of 10 cc. containing this number of paramecia per 
cubic centimeter when decomposed by boiling in concentrated 
sulphuric acid or digested by trypsin did not j^roduce enough 
titratable amino-acid to give a test by the Henriques-Sorensen 
formol method. On this basis, it seems unlikely that the 
production of amino-acids from the dead paramecia was of 
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any grreat significance. It should, however, be understood 
that the rate of reproduction during the test is unknown, and 
therefore it is not unlikely that considerable more paramecia 
may have died than those shown by the counts taken at the 
beginning and at the end of the test. 

The removal of the ammonia from the test solution has 
caused more diflRculty than any other factor encoimtered. 
The permutit method of removing ammonia as described by 
Folin and Bell (’17) has given the most satisfactory results. 
According to Whitehorn (’23), lysin, histidine, arginine, and 
traces of tyrosin were removed by permutit. With the pos¬ 
sible exception of tyrosin, these amino-acids have been found 
to be removed by permutit and in addition glycocoll’and 
cystine were removed. The different preparations of permutit 
were found to differ in the amount of these amino-acids they 
would remove, as is demonstrated by the fact that cysteine 
hydrochloride was removed only when freshly recleaned 
permutit was used. 

Throughout the work an explanation of why one amino- 
acid was used more than another amino-acid has been sought 
for, but not discovered. Some of the factors suggested have 
been solubility, chemical structure, and increased metabolism 
brought about by the reproduction of the paramecia. A study 
of figure 3 and table 2 shows that solubility is not a major 
factor, if of any significance, because tyrosin which is practi¬ 
cally insoluble is metabolized more than the more soluble 
amino-acids, phenylalanine, tryptophane, glycocoll, leucine, 
glutamic acid, alanine, and arginine. A careful study of the 
tables has failed to show any relationship existing between 
the chemical formulae and the rate of utilization. The repro¬ 
duction of the paramecia in the tests reported here is prob¬ 
ably not of any great significance, because an attempt was 
made to culture the paramecia in a 0.1 per cent solution of 
single isolated amino-acids without success. Evidence that 
paramecia can use the nitrogen of amino-acids for growth 
has been presented by Peters (’21). There was found to be 
a gradual decrease in the number of org anisms , and at the 
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end of two weeks all were dead, even though fresh medium 
was added every two or three days. That reproduction can 
occur was evident by the fact that in a few instances para- 
mecia were seen dividing after being twelve hours in the 
amino-acid solutions. In 1 per cent amino-acid solutions the 
paramecia were dead in glutamic acid, glutamic acid hydro¬ 
chloride, histidine, aspartic acid, and a mixture of amino- 
acids at the end of one hour, but alive in all the other amino- 


Phenyliilanin(> 
Glyeocoll 
Tryptophane 
Leueine 
Glutamic acid 
Alanine 
Arifinme 
TyroHin 
Aapartic acid 
r>Htcine 1101 
Glutamic acid HOI 
Mixture 



Fig. 3 (traph showing the percentage utilization of a 0.1 per cent solution of 
amino-acids during a twelve-hour test period based on 100,000 paramecia per 
cubic centimeter. 


acids. This toxicity does not seem to be correlated with the 
rate of utilization in 0.1 per cent solutions. 

The odds as expressed in table 2 should be regarded as a 
mathematical expression of the relation that one amino-acid 
bears to another. For example, the odds are 14 to 1 that 
alanine is utilized more than glutamic acid, which means if 
fifteen teste were made, comparing the utilization of these two 
amino-acids, one could reasonably expect alanine to be utilized 
the more in about fourteen cases and glutamic acid more 
than alanine in about one case out of the fifteen. 
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SUMMARY 

1. A metliod has l)eeu described whereby an amount of 
paramecia equal to 15 cc. of protoplasm has been collected 
within a few hours. 

2. Paramecia have the power to decrease the amino-acids 
present in a 0.1 per cent solution of both isolated and mixtures 
of amino-acids as represented by Henriques-Sorensen formol 
method of testing amino-acids. This decrease has been con¬ 
sidered to be due to the metabolism of the amino-acids by 
the paramecia. 

11. Tests run at 5°, 17°, 22°, and 32°(’. show that an increase 
in temperature causes an increase in the amount of amino- 
acids utilized (fig. 1). 

4. A depressing effect and a corresponding decrease in the 
rate of utilization of aminoids has been produced by chloro¬ 
form, ether, ethylene, and nitro-glycerin (fig. 2). 

5. The rate of metabolism of fourteen isolated amino-acids 
has been studied and eleven of these have been worked out in 
detail and presented in tables. These various amino-acids 
have been compared and the odds that one amino-acid is used 
more or less than any other amino-acids has been determined 
(table 2). 

6. The order expressed in per cent in which the amino-acids 
were found to be metabolized were phenylalanine 7.7, trypto¬ 
phane 9.6, glycocoll 9.6, leucine 12.0, glutamic acid 13.2, alanine 
15.5, arginine 15.9, tyrosin 17.7, aspartic 25.1, cysteine hydro¬ 
chloride 26.3, glutamic acid hydrochloride 45.6, and a mixture, 
consisting of equal parts of all of these amino-acids except 
arginine, 48.3 per cent (fig. 3). 

7. The greater the rate of utilization of any amino-acid, 
the greater was the amount of ammonia produced. 

8. Evidence that paramecia cannot change cystine to 
cysteine has been obtainefj. 

9. The influence of bacteria on the results was negligible 
when isolated amino-acids were tested. 
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DEVELOPMENTAL FACTORS IN TELEOST HYBRIDS 


I. THE EARLY MITOTIC BEHAVIOR IN THE CROSS BETWEEN MENIDIA 
MENIDIA NOTATA 9 AND PRIONOTUS CAROLINUS S 

EDITH PINNEY 
Mtlwaukee-Vowner College 


TWO PI ATES (TWELVE FIGURES) 


AUTHOR’S ABSTRACT 

When Menidia ar« fertiliised with Prionotus sperm, the Pnonotus chromosomes 

react in the Mentdia cytoplasmic medium just as they do in the cytoplasm of Fundulus eggs. 
There is lagging, non-disjunction, and elimination of chromosomes during the early cell 
divisions. The mitotic behavior of the Pnonotus sperm in the Menidia egg also resembles 
the behavior of the sperm of Ctenolabrus m the same medium. This behavior which was 
expected from what was known concerning the mitotic behavior of the reciprocal crosses 
lietween Menidia and Fundulus and between Ctenolabrus and Pnonotus ana other inter¬ 
crosses between the members of these two groups is regarded as a function of the physical 
state of the egg cytoplasm during the division phase of mitosis. This physical character 
forms the earliest dinerential factor in the development of these hybrids and shows no 
correlation with the width of the cross. 

A comparison of nine teleost crosses, in which both the development and the early 
mitotic behavior are known, with a rough numerical estimate of the width of the cross 
brought out the fact that development is most successful in crosses between nearly related 
sjiecies if mitosis is normal and in distantly related crosses if mitosis is abnormal. This 
indicates that nuclear relationship is also a factor in the development of hybrids. 


The work reported here was undertaken to test the hypothe¬ 
sis, suggested by the writer in a former paper(10), that 
the early behavior of the paternal chromosomes in hetero- 
generic crosses is due to the physical state of the cytoplasm 
of the egg. This condition occurred independently of species 
affinities and was regarded as a valid basis on which the lack 
of correlation between the results of heterogeneric hybridiza¬ 
tion and taxonomic relationships might be explained (pp. 409 
and 413). 

The nature of the mitotic disturbances which have been described 
above would indicate that the immediate factor was a physical con¬ 
dition of the egg cytoplasm, probably the normal state of fluidity 
or viscosity eharaeteristic of the division phase. 

the condition itself is no doubt an expression of the speciflc 
chemical composition of the egg cytoplasm. This chemical composi- 
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tion may be more higfhly specific than the physical state which it 
conditions, that is, it is conceivable that the protoplasms of two 
species of fish may resemble each other so closely in their physical 
characters that they may react alike in crossing. In other words, 
protoplasmic relationships between species are not necessarily cor¬ 
related with the physical conditions present in their germ cells at 
corresponding morphological stages. 

For the sake of clearness, the facts noted in the studies 
of fish liybrids which pointed to this conclusion may he briefly 
restated. In cross-fertilized fish eggs two general sorts of 
mitosis may occur. One type is normal, the chromosomes 
align themselves on the equator of the spindle, split, the 
daughter halves separate cleanly and pass to the poles in 
straight orderly ranks. The other type is abnormal, the 
paternal chromatin lags on the spindle and becomes eliminated 
from the nucleus, or it fails to divide, as in non-disjunction, 
and is distributed irregularly to the early Ifiastomeres. 
Among the twelve crosses examined previously, all but one 
of wJiich were studied by the writer, two sets of reciprocal 
crosses were found in which the paternal chromosomes re¬ 
acted normally in the early cell divisions. These were the 
crosses of Fundulus heteroclitus with Menidia menidia notata 
and Ctenolabrus adspersus with Prionotus carolinus. Which¬ 
ever way the cross was made between the two members of 
either pair, mitosis proceeded normally. That this was an 
indication of similar cytoplasmic conditions prevailing dur¬ 
ing mitosis in the eggs of both species was evidenced by the 
fact that the sperm of Ctenolabrus found the cytoplasm of 
both Fundulus and Menidia unfavorable to their normal 
participation in mitosis. Further confirmation of this point 
was obtained in crossing the egg of Fundulus with the sperm 
from both of the reciprocating species, Prionotus and Cteno¬ 
labrus. The Prionotus sperm behaves in the foreign Fundulus 
cytoplasm as does the sperm of Ctenolabrus in the same 
medium, there is lagging, non-disjunction, and elimination as 
in all of the cases of abnormal mitosis. Further, both Fundu¬ 
lus and Menidia sperm behave normally in the dividing egg 
of Ctenolabrus. It was also found that Baltzer’s results with 
echinoderm hybrids favored the same interpretation(X). 
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In view of these facts, tlie cross Menidia meniclia notata 
9 X Prionotus caroJinus 6 seemed to offer an especially 
critical test of the idea that the eg:gs of normally reciprocating 
species would react in the same way to the same sperm or that 
the sperm of a reciprocating pair would show the same re¬ 
sponse in any egg. Both of these points could he tested in 
this cross, the expected answer is the same in both cases. If 
the hypothesis is correct, such eggs should show a character¬ 
istic mitotic disturbance. Since the Fundulus egg reacts un¬ 
favorably to the sea-robin sperm, the egg of Menidia should 
do the same. Put the other way about, since the sperm of 
t^tenolabrus finds the cyto])lasmic medium of the Menidia egg 
unsuitable to its normal functioning, the sperm of Prionotus 
should meet with a similar fate in the same egg. 

OHHERVATTONS 

The material for this study was obtained from two experi¬ 
ments in which eggs of the little silver-sides, Menidia menidia 
notata, were fertilized with the sperm of Prionotus carolinus, 
the common gurnard or sea-robin. The eggs were fixed for 
first, second, and third cleavage stages in B;i. (Saturated 
aqueous solution of picric acid, 75 ec.; formalin, 15 cc.; glacial 
acetic acid, 10 cc.; urea, 1 gram.) 

Owing to the limited number of eggs, care was taken to 
conserve the material by orienting the eggs when embedding 
so that in sectioning the blastoderms the anaphase spindles 
would be included in the plane of the section. Sections, 8 m 
in thickness, may contain an entire spindle in lateral view, 
but more often one spindle must be sought through two or 
even three sections. Accurate counts of chromosomes cannot 
be made from these preparations, although they are well 
adapted to observations on the size, shape, and general char¬ 
acter of these bodies. 

Figures 1, 2, and 3, from first, second, and third cleavage 
spindles, respectively, show very typical cases of the sort 
of mitosis which one finds in these hybrid eggs. The lagging 
chromosomes and the undivided clumps of chromatin at the 
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equator of the spindle reproduce the conditions already met 
with iu other crosses, esjjecially in Menidia 9 X Ctenolabrus 
S and Fundulus 9 X Prionotus 3. Since this is what was 
expected in this cross, the observations were carried out with 
extreme care in order to eliminate all effects of bias. 

There are four types of behavior exhibited by the dividing 
chromosomes in these eggs, three of which are indicative of 
a deviation from the normal course of mitosis. In figures 2 
and 3 those chromosomes that are gathered at the poles have 
undergone the usual process of division characteristic of self- 
activated eggs. In addition, there are some belated elements 
on their way to the poles. Those will eventually be drawn 
into the nuclei of the daughter cells. In a few eggs the mitotic 
abnormalities are entirely of this less pronounced sort, but 
this is relatively infrequent. Figures 4 and 5 show this con¬ 
dition. Figures 2 and 3 show undivided bodies which, from 
their dimensions, seem to be undivided chromosomes that 
are being drawn into the polar area. In most of the mid¬ 
anaphase spindles undivided chromosomes lying at or very 
near the equator of the spindle can be demonstrated. There 
is evidence that some at least of these bodies never reach 
either daughter nucleus and are eliminated. Figures 8 and 9 
indicate this. In figure 8 the spindle fibers have disappeared 
except through the equatorial region. There, where the new 
cell wall will appear, they persist for some time. Definite 
chromatin bodies lie in this plane which I interpret as elimi¬ 
nated chromosomes. That they are not yolk granules or other 
deeply staining cytoplasmic inclusions is certain, since these 
latter bodies very rarely invade the area of the spindle in this 
cross. The telophase vesicles, owdng to their slight affinity 
for nuclear dyes, are almost invisible. In the egg from which 
figure 9 was drawn the chromosomes were just beginning to 
form vesicles, but were too lightly stained to give a definite 
picture. 

While lagging occurs in practically all of the eggs, it varies 
in amount. In a careful examination of eighty spindles from 
eggs of the first three cleavages only eight were found which 
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showed no traces of its occurrence. One of these was in a 
one-celled egg and the other seven were from two-celled eggs. 
Of the latter, five belonged to eggs in which but one cell was 
affected, only one two-celled egg showed no evidence of the 
abnormality. In all of the thirty-seven spindles from four- 
celled eggs retarded division was present. These doubtful 
cases cannot be accepted as conclusive evidence that lagging 
was absent altogether. In interpreting these figures one must 
keep in mind the natural course of nuclear division in self- 
activated eggs. It will be remembered that the anaphase is 
of very short duration. The chromosomes mount to the poles 
rapidly and there immediately undergo vesiculation and com¬ 
bine to form the daughter nuclei. If the lagging was not ex¬ 
tensive, but like that shown in figures 4 and 5, it is conceivable 
that all evidence of its occurrence would have disappeared 
by the time the late anaphase or early telophase was reached. 
At any rate, the number of eggs from wdiieh lagging seems to 
be absent are too few to outweigh the fact of its occurrence 
in the large majority. And in those eggs which are definitely 
abnormal the condition varies between the extremes shown 
in figures 4 and 5, on the one hand, and 2, 3, and 7, on tlie 
other. Figure 11 shows a sjiindle in which all of the chromo¬ 
somes but one have been drawn into the polar groups, and 
this one seems to have been arrested just in the midst of the 
separation of its daughter components. Whether this par¬ 
ticular element would have been eliminated or not is impos¬ 
sible to decide. Figure 12 is a portion of a late anaphase 
spindle in which only two chromosomes have definitely been 
eliminated. Undoubtedly, more would be extruded from 
spindles such as are shown in figures 6 and 7. 

While the amount of chromatin extruded after any one 
cleavage is small, the net result must be considerable, since 
we know that it takes place at each of the first three divisions. 
The number of chromosomes lost from the nucleus has not 
been determined. The Menidia egg is not as favorable ma¬ 
terial for counting chromosomes as another egg which could 
be obtained in greater numbers would be. Matsui(5) has 
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studied a similar phenomenon in tlic cross Echinarachnius 
parma 9 X Arbacia punctulata 3 He found that elimina¬ 
tion occurred during the first and second segmentation stages 
only. His counts indicated that four or five chromosomes 
were missing from the jiolar groups of the first two anaphases. 
His lateral views of such spindles show more retarded chromo¬ 
somes than these counts would lead one to ex])ect. Evidently 
retardation does not always result in elimination. My ob¬ 
servations indicate that the number of chromosomes elimi¬ 
nated varies among the individuals of one cross. 

It has been found, especially in the Fundulus and Menidia 
crosses, that the parental chromosomes maintain their original 
spatial relations during the first few cell-divisions. The lag¬ 
ging chromatin which characterizes the eggs of ^Menidia that 
are fertilized by the sperm of Prionotus is definitely limited 
to one side of the spindle. This is not as evident in the draw¬ 
ings as it is from a study of the sections themselves. It is 
taken to mean that the chromosomes involved originated from 
but one of the two parents. Evidence from other crosses 
indicates that it is the paternal chromatin that behaves atypic- 
ally. 

No other signs of nuclear abnormality have been seen dur¬ 
ing this study. The prophase nuclei are entirely character¬ 
istic, as are the metaphase plates of chromosomes. Figures 1 

* Fry, Henry J. (Biol. Bull., vol. 53, Sept,, 1927), has reported ohservatioiis 
on the cross-fertilization of enucleated Echinarachnius eggs by Arbacia sperm 
which are significant in this connection. The failure of enucle/ated Echinarach* 
nius eggs inseminated with Arbacia sperm to develop beyond the blastula 
stage may be attributed to the abnormal behavior of Arbacia. chromosomes in 
the cytoplasmic medium of the Echinarachnius egg as described by Matsui, and 
their consequent inability to maintain the nuclear organization necessary to 
normal developmental processes which in the cross-fertilized intact eggs is 
accomplished by the maternal nuclear material. Different results might l>e 
obtained if the sperm used were of a kind that reacted normally in the foreign 
egg cytoplasm, as would, for instance, be the case in crosses between Strongylo- 
centrotus and Echinus (Baltzer, UO). It might be worth while to determine 
whether enucleated Strongyloccntrotus eggs activated by Echinus SfKJrm would 
produce plutei with recognizable parental characters. Other combinations 
furnishing the required conditions, viz., that the sperm chromosomes participate 
normally in mitosis in the egg cytoplasm, are possible. 
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and 10, which are typical of very early anaphases, each show 
bodies at the equator of the spindle which are apparently 
resistant to splitting and division, but there is no other earlier 
condition observable that foretells this behavior. 


DISCUSSION 

These observations oflfer, I believe, convincing proof of 
my earlier interpretation of the initial block to normal de¬ 
velopment in fish hybrids which, together with the increased 
number of crosses investigated cytologically, places on a 
surer footing our analysis of the factors involved in hetero- 


TABLE 1 

Sifsit'matir pomtu)n of thr itpvrirs vros.^(ul. Jordan and Evermann{i) 


I FAMILY. WITH Nl’MBKKS 

OMHKU SI’HOKIJKR OFFAMIMKS , l»Ir Nl H VNH 

' INTLKVLNINU 


X. Ilaplonii i 

I 

JIH. Afautlioptcri 

I 

! 

Ploctognathi 


3. 

4. Rhegnoptcri 

7. riiarviigdiiatlii 
13, Craiiiomi 


Pofciliidac 
KKL Athcrinidai* 
j 151. Sjiaridac 
I 1(»0. Labridao 
184. Trigiidao 


300. Fujiduliis 
14 1 ludoroclitus 
, 350. Moiiidia 
45 itH'nidia iiotata 

551. Stenotonius 
9 elirysojis 

j 027. C’toiKdabrus 
24 aclHpcrsus 

j 797. I’rioiiotua 
faroliims 


generic hybridization. The facts to be obtained from a study 
of such data may be most simply summarized by reference 
to tables 1 and 2. 

Table 1 gives the systematic position of tlie species used 
in these crosses. Table 2 lists the crosses studied in the 
order of their width, that is, the crosses between the most 
closely related species are first and the most distantly related 
pair is last on the list. The width of cross is estimated by 
the number of families intervening between the two families 
to which the crossed pair belong and these numbers are placed 
in column 2 after the cross to which each applies. The families 
sre numbered according to Jordan and Evermann{4), Column 

OF Mo.. OLOOY AN1> PHYSIOLOGY. VOL. 45, HO. 2 
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3, table 2, gives the character of mitosis in each cross, and 
column 4, the grade of development that is reached according 
to the classified list appended to table 2. This list is based 


TABLE 2 

Crosses in order of their width with mitotic and developmental results 


1. CROSS 





1. Steuotomus chrysop^ 9 X Ctenolabrus adspcrsus cf | 9 ' Abnormal 1 2 

2. Ctenolabrus adspcrsus 9 X Stenotomus ehrysops c? ! 9 > Normal ft 

3. Fundulus hoterochtus 9 X Menidia menidia notata (j* i 14 Normal 5 

4. Mehidia menidia iiotata 9 X Fundulus hetcroclitus | 14 i Normal 5 

5. Ctenolabrus adspcrsus 9 X Prionotus earolmus | 24 Normal , 

d. Prionotus carolinus 9 X Ctenolabrus adsfXTsus i 24 : Normal 

7. Meiiidia mcnidia uotata 9 X Ctenolabrus adspersus (5* < 54 , Abnormal ! f> 

8. Ctenolabrus adspcrsus 9 X Meuidia menidia uotata | 54 Normal 4 

9. Fundulus hetcrotditus 9 X Stciiotomus ehrysops 59 ' Normal 3 

10. Fundulus hetcroelitus 9 X Ctenolabrus adspersus cJ | 68 | Abnormal 5 

11. Ctenolabrus adspcrsus 9 X Fundulus hcteroelitus j 68 Normal , 2 

12 . Menidia menidia uotata 9 X Prionotus caroliiius I 78 i Abnormal, 

13. Fundulus hcteroelitus 9 X Prionotus oaroliuus cJ , 92 ' Abnormal 


Appendix to table 2 

Hybrid types graded according to the most advanced stage reached by any 
individual in the cross 

1. Embryos succumb at the end of the cleavage period. 

2. Embryos undergo a varying degree of iiotogenesis, but do not complete the 
closure of the germ ring. 

3. Embryos in which concrescence is completed, but which fail to establish a 
circulation. 

4. Embryos in which the circulation beemmes established, byt which fail to 
hatch. 

5. Hatching embryos arc very rare. 

6. Hatching embryos are relatively frequent. 


chiefly on the descriptions of the developmental results of 
many different teleost crosses given by Newman(8). From 
these tabulations as a starting-point it will be easier to define 
the variants which cytological studies have demonstrated in 
these heterogeneric crosses. 
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In the first place, such crosses fall into two large groups 
differing from each other in the type of their nuclear behavior 
during mitosis. So far, division into two categories has been 
marked; a study of many more crosses may show that there 
are border-line cases that are difficult to classify. These we 
would expect to be few in number compared to the total. The 
fact that we were able to predict the mitotic behavior in the 
Menidia and Prionotus cross on the basis of what was known 
of the results of other crosses with these species also lends 
support to this idea that the earliest known effect in hybrid 
eggs is a function of the cytoplasm. The terms fluidity, 
viacosity, surface tension, immediately suggest themselves, 
but a more specific definition of the cytoplasmic condition that 
interferes with the movements of the male chromosomes must 
await further analysis of the forces operating in nuclear and 
cell division. 

(.Vtological studies on the elimination of chromatin in 
heterogeneric hybrids do not support the idea that the de¬ 
crease in male chromatin in these early stag(‘s is due to its 
non-synthesis, as suggested by (iuthrie(3). We have here a 
physical extrusion of x>fiternal chromatin that is stainable 
and quite visible. Of this the figures of Balzer(l) and 
Mat8ui(5) as well as my own are undeniable evidence. 
Furthermore, the rate at which these bodies are synthesized 
is the rate at which the synthesis of the egg chromosomes 
occurs. The significance of this is still obscure, but if the 
synthesis is due to a specific enzyme carried in by the sperm, 
as Miss Guthrie assumes, some influence, undoubtedly origi¬ 
nating in the egg, is affecting its activity. 

These two fundamental classes of hybrids referr€*d to above 
are further differentiated into several groups according to 
their fate after early cleavage, groups which correspond to 
the types included in the appendix to table 2. From that 
list it will be noted that some crosses cease develoximent at 
the first of these stages; some crosses include the entire series 
in their progeny; others include only the first two, or three, 
or four of these embryonic types. There are, of course, inter- 
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mediates in all of the crosses. The fate of any cross cannot 
be predicted from its earlier nuclear history. All of the types 
listed may result from either of the first two classes of 
hybrids. This seems to point to a second differential factor 
or set of factors quite independent of the first, and the ques¬ 
tion of the identity of these is apparently a two-fold one. 
There is no correlation between mitotic behavior and these 
developmental types. The stage is set differently in each of 
the two primary classes of eggs for subsequent events, and 
yet each class may give similar results. 

Is there any differentiating factor which, when taken 
together with the mitotic behavior, will give a combination of 
factors that can be correlated with these several types of 
hybrid development ? There seems to be. For instance, there 
are closely related pairs wdiich when nuclear behavior is 
normal give embryos of advanced grade. Crosses 2, 3, and 4 
arc examples. On the other hand, distantly related pairs 
with the same normal division figures do not proceed very 
far in their development, as is the case in crosses 9 and 11. 
Clearly, the differential factor here is one of nuclear relation¬ 
ship, and a survey of table 2 emphasizes this interpretation. 

There the crosses with normal ihitosis very definitely show 
a decrease in the grade of their development from the top 
of the column toward the foot, while with the crosses in which 
abnormal mitosis occurs there is, on the contrary, an increase 
in developmental success, though not so marked, owing to the 
smaller number of cases, from above downward. The evi¬ 
dence from such a tabulation may claim, I believe, a con¬ 
siderable degree of validity, in spite of the fact that we have 
no assured criterion to go by in estimating quantitatively 
either the relationship between species or the steps in embry¬ 
onic growth. The fact that a single cross shows a variable 
progeny complicates the task of determining the degree of 
its developmental success. Nevertheless, I regard the stages 
as listed in the appendix to table 2 as fair approximations 
and their use in this connection permissible. 
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My data have been taken entirely from lieterogeneric 
crosses, but the homogeneric crosses between two species of 
Fundulus which Miss Guthrie(3) advances as an objection 
to the idea outlined here presents no facts at variance with 
this explanation. The reciprocal crosses between F. lietero- 
clitus and F. majalis are both relatively successful, one 
hatches and the other develops up to the time of hatching, 
exactly as we would expect in such closely related species 
if early division processes were'normal. Theoretically, there 
is no reason to expect that the mitotic divisions in the homo¬ 
generic Fundulus hybrids would be in any way abnormal 
merely because the behavior of their cytoplasmic inclusions 
is similar to that in another cross in which nuclear behavior 
is known to be abnormal. The successful homogeneric cross, 
F. heteroclitus $ X F. majalis does not belong in the same 
category with the lieterogeneric hybrid between Fundulus 
and Ctenolabrus. In the first place, the number of hatching 
embryos in the interspecies cross is large compared to the 
very few hatching individuals reported from the other cross, 
and, in the second place, the hatching embryos of the former 
cross show to an appreciable degree a blend of parental char¬ 
acters in contrast to the purely maternal characters of the 
wider cross(2, 7). Miss Guthrie seems not to have drawn 
these necessary distinctions and, furthermore, she makes a 
mistake in attempting to correlate abnormal mitosis with the 
upset in cytoplasmic equilibrium that she finds in some of 
the crosses she studied. The former is an expression of a 
general cytoplasmic property, essentially the same in all eggs, 
but differing in degree, which affects the movements of the 
male chromosomes, while the latter condition, an abnormal 
accumulation of cytoplasmic inclusions, is due, according to 
her interpretation, to foreign enzymes which alter the rate 
of the transformation of materials stored in the cytoplasm. 
The former is a physical effect which is not highly specific, 
since it exhibits only two phases; the latter is a chemical 
reaction which is highly specific and which varies in every 
cross studied. Undoubtedly, both of these events, the char- 
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acter of the early mitosis and the manner in which metabolic 
processes are altered in the egg, are factors in determining 
the development of hybrid eggs. Both must be included in 
any complete analysis, but this cannot be forthcoming as 
long as there is any doubt about the essential details of either 
process. 

I have already pointed out that if the paternal chromatin 
is diminished in the crosses in which abnormal division pre¬ 
vails, it is not due to a failure in the earlier stages of the egg 
to s 3 Uithesize chromatin, but is due rather to a physical elimi¬ 
nation of the paternal chromatin entities. S.ynthetic proc¬ 
esses may play a later role. 1 have discussed elsewhere(lO) 
the probable failure of the Ctenolabrus egg to synthesize the 
necessary chromatin, basing mj remarks not only on a result 
of the outcome of that cross, but on a study of the nuclei of 
late blastoderms of normal and cross-fertilized eggs. The 
pure-bred blastoderms showed binueloolate nuclei. The 
hybrid blastoderms, on the other hand, showed nuclei with 
only one nucleolus. There was a slight difference in the 
ages of these eggs which may nullify their bearing on this 
point, but we are warned by the suggestiveness of such ob¬ 
servations of the complexity of the problem. The analysis 
of the cytoplasmic inclusions in the egg of Ctenolabrus, either 
self- or cross-activated, is too inadequate to warrant any 
conclusion as to their significance in the Ctenolabrus crosses. 

The extended list of crosses presented in table 2 justifies a 
reemphasis of the statement that nuclear relationships play 
a role in heterogeneric hybrids and must be reckoned with. 
A more definite expression of the nature of this interaction 
is not yet in order, but these observations permit us to point 
out here a possible connection between the earlj^ mitotic dis¬ 
turbance and the later interaction of the germ plasms. New¬ 
man’s cross between Fundulus and Scomber(9) led him to 
the following statement (p. 416) : 

These experiments may be taken to indicate that in the hetero¬ 
generic crosses no harmonious structural differentiation can result 
without the neutralization or elimination of the disharmonious pa¬ 
ternal materials. 
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My observations suggest that the mechanism of neutraliza¬ 
tion of the foreign sperm is accomplished by the elimination of 
the paternal chromatin, although they cannot be regarded as 
establishing the fact. More detailed study of later stages 
than are dealt with here are necessary before an ultimate 
proof can be realized. 

The cross described in this paper adds evidence to my 
former observations as to the variation in amount of the 
chromatin eliminated during early cleavage, and this seems to 
me to bear on the question as to what it is that causes such 
a diversity in the products of a single cross. It is a matter 
of common observation that when one cross is made not every 
egg begins development, and among those that do many die 
during cleavage. If the cross is one that j^roceeds beyond 
gastrulation, there is a succession of mortalities in the sur¬ 
vivors. In certain crosses the series obtained runs the gamut 
from those eggs that cease development in the early cleavage 
stages to those that hatch normally, and all of these come 
from a combination of similar eggs and sperm. These facts 
taken together add force to the following suggestion (10, p. 
257): 

Assuming that the cutrance of the spermatozoon into the egg and 
the movements of the chromosomes during cell division are com¬ 
parable processes in that they have their cause in changes in surface 
tension, though varying in complexity and perhaps in degree of 
specificity, it is conceivable that slight variations in the conditions 
of eggs and sperm which were no hindrance to fertilization might 
cause a disturbance in the more complex or more specific mechanism 
of mitosis. This would account for both individual variations within 
one cross as well as for the different results obtained at different 
times in the same cross. (The italics were not used in the original 
paper.) 

This is what was meant by my earlier phrase ‘Hhe variable 
specificity of the effect of the cytoplasm toward the foreign 
spermatozoon’’(10, p. 261). Its relation to the two more 
fundamental factors discussed above has been misunderstood 
by Miss Guthrie(3). All that is claimed for it is that it has 
a modifying influence on the initial cytoplasmic effect. 
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PLATES 

All of the fijjures, with the exception of figure 8, were made with the aid of 
a camera lucida at a magnification of 2600 diameters. The drawings were 
finished with the objects under close observation at a lower magnification and 
reproduced as drawn. 
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PLATE 1 

EXPLANATION OP DRAWINGS 

l,aaiidb Two consecutive se<!tionB of an early anaphase spindle. First 
cleavage. The chromosomes in la w'ere too crowded to include them all in the 
drawing. Pairs of daughter chromosomes were easily identified and contrasted 
markedly with the retarded elements lying at the equator and to the left of the 
spindle. The section of the spindle shown in figure lb contained only four 
definite pairs of chromosomes. 

2 Midanaphase of second cleavage. Extensive lagging. Only one section 
drawn. 

3 Late anaphase spindle of the third cleavage. Of the affected chromatin 
bodies, four lie at the equator and will probably be eliminated. One undivided 
chromosome is mounting to the upper pole of the figure. 

4 Mi<hinaphase of the first cleavage. One-sided lagging, but no elimination. 

5 A later anaphase of the second cleavage. Definite lagging, but not ex¬ 
tensive. No undivided chromosomes on this spindle. 

6 One section of a late anaphase, showing lagging, non-disjunction, and 
elimination. 
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PLATE 2 

EXPLANATION OP DRAWINGS 

7, a and b Two sections of a midanaphase of the second cleavage. In the 
other cell of this egg abnormal features were present, but less marked. 

8 Late telophase of the third cleavage. Chromosome vesicles indistinct. 
Eliminated chromosomes lying in the cleavage plane. Similar remains were 
observed in other cells of this egg. 

9 Part of a spindle in the late telophase. The chromosomes at the poles 
are becoming vesicular and are barely discernible. The eliminated chromosomes 
at the equator are very clear. One other such body was present, but has been 
omitted from the drawing. 

10 A very early anaphase of the second cleavage. This is the first stage in 
which the mitotic abnormality shown in these figures could be recognized. 

11 One section of a second-cleavage spfhdle in vrhieh all but one of the 
chromosomes were drawn into the polar groups. 

12 A very late anaphase in which the amount of affected chromatin is small. 
None was seen in the other two sections of this spindle. 
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VARIATIONS IN CHROMOSOME NUMBER IN THE 
SPERMATOOENESIS OF PHILOSAMIA (CYNTHIA 


PAT.'UNK II. DKUERER 

Conneoiicut College 


TWO PLATES (TWENTY-SEVEN FIGURES) 

AI TltOK’S ABHTIt4CT 

A Ktudy of spermutoRt>n(‘SiK was made on four frroupE of a podigroed strain of the moth 
Philosamia cjnthia, and the results were compared with spermatORcnesia in the wild material. 

Deviations from Ihe normal number of chromosomes were observed m two groups. In 
some individuals the haploid number was 12 instead of 13. Giant siiermatocytes were also 
observed with tw'cnty-four chromosomes In other individuals, two haploid numbers, 13 and 
14, occurred in the same testis. 

The twelve-chromosome condition is due to linkage of two chromosomes during the late 
prnphase of the primary spermatocyte. The double chroinosomos thus formed appeared to 
divide equally in both divisions. The origin of the fourteenth chromosome was not deter¬ 
mined. 

Correlation of the genetic and cytological data indicates the restriction of aberrant 
chromosome complexes to two of the four groups and the regularity of the twelve-chromosome 
complex in certain families, suggesting the conclusion that a new strain arose in the 
pedigreed material with regard to chromosome variability and that the twelve-chromosome 
condition is a well-defined characteristic, partly established in some families and probably 
fully established in others. 
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INTRODUCTION 

The following observations were made upon pupae of the 
moth Philosamia cynthia, given to the writer some years ago 
by Prof. Henry K. Crampton, from some material he was 
rearing in a study of pupal characters as a basis of selection. 
The possibility was suggested that there might be some chro¬ 
mosomal differences observable during spermatogenesis be¬ 
tween the pedigreed strain and the wild material. 

The pupae used in this study were from thirty-four differ¬ 
ent families, comprising part of four groups, whose history 
will be given later. The testes were dissected out, sectioned, 
and stained according to methods described by the wTiter in 
an earlier paper (’07). 

SCOPE OF THE PAPER 

An examination of metaphase groups of chromosomes in 
the first and second spermatocyte divisions revealed the fol¬ 
lowing facts: 

1. The normal haploid number of chromosomes (13) was 
present in both first and second spermatocyte metaphases in 
all families studied in groups II and IV. 

2. In groups I and III deviations from the normal number 
were observed in both spermatocyte divisions. Some indi¬ 
viduals in one family, and all the material available from 
three families, were characterized by 12 chromosomes instead 
of 13. In another family certain individuals showed 12 chro¬ 
mosomes, others both 13 and 14 in the same testis. 

The scope of this paper comprises two problems: first, the 
cytological history of the chromosomes; second, the correla¬ 
tion of the chromosomal deviations with the known history 
of the material. 

CYTOLOGICAL OBSERVATIONS 

A. Normal spermatogenesis 

A review of the normal features of spermatogenesis will 
facilitate an inquiry into the origin of the aberrant conditions 
noted above: 
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1. The spermatogonia contain twenty-six chromosomes of 
approximately the same size and shape (fig. 1). 

2. There is a definite spireme with a simple plasmosome. 
The spireme segments into thirteen parts; twelve form rings, 
the thirteenth becomes attached to the plasmosome as a chro¬ 
matin mass (fig. 2). 

3. The chromatin mass represents a sex chromosome which 
is bivalent like the rings. (This sex chromosome was origi¬ 
nally interpreted by the writer as an equal X-Y pair, as in 
Nezara (Wilson, ’05), but researches on oogenesis in lepidop- 
tera by Doncaster (’14) and by Seiler (’14) show that the 
female is the digametic sex. The equal sex chromosomes in 
the male would therefore be homologous to an XX pair or, 
to use a more recent terminology, a ZZ pair.) 

4. During tlie first spermatocyte prophase, the rings con¬ 
dense to form twelve rounded chromosomes, and the sex chro¬ 
mosome also forms a mass of similar shape. Thus, thirteen 
chromosomes are present in the prophase, the sex chromo¬ 
some being at this time indistinguishable from the others 
(%. 3). 

5. First and second metaphases show thirteen chromosomes. 
Divisions are equal so that spermatids receive similar chro¬ 
mosome groups. 

B. Spermatogenesis in individtuils with 12 as the haploid 

number 

No differences from the normal sequence of chromatin 
changes were observable until the late prophase of the pri¬ 
mary spermatocytes. The thirteen chromosomes, derived 
from the twelve rings and the sex chromosome, are visible in 
the early prophase as separate masses (fig. 3), but in the later 
prophase only twelve chromosomes are observable (fig. 4), 
one of them appearing bipartite, and obviously representing 
two chromosomes adhering together. In the following figures 
the double chromosome is indicated by D. Complete counts 
of first metaphase show invariably twelve chromosomes, and 
there is abundant evidence of this double body in both polar 
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and side views (figs. 5 to 9). Its position was always at the 
periphery of a chromosome group (figs. 5 to 13). 

Whether this linkage inyolves the sex chromosomes or two 
automosomes is a matter of conjecture, for the sex chromo¬ 
some cannot be identified except during the grow’^th period. 
In many cases the comiionents appeared to be slightly differ¬ 
ent in size. Figure 7, a side view of part of a first metaphase, 
indicates the typical position of the double chromosome, its 
long axis being at first placed transversely to the spindle. 

The sequence of events from this point on is interpreted to 
be as follows: One component is pulled out toward the poles 
of the spindle, the other appearing as a knob or enlargement 
in the middle (figs. 8, 9). Eventually this, too, becomes di¬ 
vided, apparently equally, and the products of the division 
may be identified as elongated bodies at each end of the 
spindle (figs. 10 to 13). A lagging in division was frequently 
noted. 

Second metaphase groups were in all respects similar to 
the first, except in size (figs. 15, 16). Figures 17 to 21 show 
side views of the double chromosome during the second divi¬ 
sion. Its general similarity in form to that of the early first 
metaphase may be noted in figures 17 to 20. The tvro ends 
of the chromosome are interpreted, as before, to be one com¬ 
ponent divided, the middle region the other component, un¬ 
divided. Figure 21 shows this one also separated into two 
parts. 

All the evidence points in favor of an equal division of the 
double chromosome. Telophase counts ’were difficult to make, 
owing to the small size of the chromosomes, but a few 
oblique polar views showed clearly twelve at each pole (figs, 
22, 23). The double chromosome could not be identified at 
this stage. 

C. Giant cells 

The occurrence of giant spermatogonia in testes fixed in 
the late spring, differing from normal ones only in size, was 
reported by the writer in an earlier paper (W). They were 
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also observed in the pedigreed material. In testes of the 
twelve chromosome groups there were noted in addition giant 
spermatocytes in the metaphase stage of both divisions. Un¬ 
like the large spermatogonia which contained twenty-six 
chromosomes, these giant cells showed equatorial plates with 
twenty-four chromosomes, including two which appeared 
double (fig. 14). That these cells are really spermatocytes is 
evidenced by the fact that they were present in the same 
cysts with cells containing twelve chromosomes. 

The growth period Avas studied in an endeavor to discover 
the origin of these large cells, but no stages were found with 
more than the normal number of chromatin rings. It seems 
probable that these cells arose by the fusion of cells in pairs 
during the late first prophase, at the time of the rupture of 
the nuclear wall and after the double chromosome had formed, 
thus freeing twenty-four chromosomes in the cytoplasm. Fig¬ 
ure 14, a jiolar view of a giant metaphase, may be interpreted 
on this basis, Ww group being readily separable horizontally 
into two, each with twelve chromosomes, including a double 
one. If such a union occurred, it must have been before the 
time of spindle formation, for single normal spindles were 
present in the giant cells with chromosomes arranged regu¬ 
larly upon them. By whatever means the duplicated chromo¬ 
some group was established in the primary spermatocytes, 
the cells apparently dividcni regularly, for giant secondary 
spermatocytes were present, likewise with twenty-four chro* 
mosomes. 

Since later stages of the giant cells were lacking, no con¬ 
clusion may be drawn as to whether these cells were potential 
giant sperms such as are known to occur in many groups of 
insects. Dimegalous sperms have been described as originat¬ 
ing through the suppression of spermatocyte divisions, or the 
reuniting of both nucleus and cytosome after division (Wil¬ 
son, ’25). The dimegaly described above is due to neither of 
these causes, since, as we have seen, it is already apparent in 
the first metaphase stage. Its origin may be, as suggested, 
through the fusion of primary spermatocytes in the prophase 
stage. 
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T). Spermatogenesis in individuals with 13 and 14 as the 
haploid number 

In the case now to be described, a discrepancy in chromo¬ 
some number was observed within the same testis. This con¬ 
dition was found in three testes, in one family only. In cer¬ 
tain cysts of primary spermatocytes in prophase, the cells 
contained fourteen chromosomes (figs. 24, 25); in other cysts 
the normal number appeared. First metaphase plates with 
fourteen chromosomes (fig. 26) ranged in each slide from 
about one-fourth to three-fourths of the total number counted. 
Second metaphase plates with fourteen (fig. 27) were about 
one-fourth of the total counted. The origin of the fourteenth 
chromosome could not he ascertained, owing to the lack of 
sufficient stages. It may be that the increase in number is 
due to fragmentation, arising probably not before the early 
prophase, but it is impossible to detect which chromosome is 
the fragment. 

PEDIGREE OF GROUPS I TO IV AND THE RELATION TO THEM OP 
CHROMOSOME DEVIATIONS 

A. Pedigree of groups I to IV 

I am indebted to Doctor Crampton for his generosity in 
placing at my disposal the following diagram and genetic 
data, from unpublished records covering a period of three 
years. To these I have added data regarding chromosomes, 
which will be referred to later. 

A subdivision of the pupae produced from eggs of the origi¬ 
nal wild material was made during the first year of the ex¬ 
periment, when it was discovered that some pupae were trans¬ 
formed into moths during August instead of the following 
June. These moths were numbered group II. Their de¬ 
scendants metamorphosed the next June, at the same time as 
the single brooded lot, group I. During the second year, 
group II was subdivided, also on the basis of single- and 
double-br-ooded conditions, both of which. appeared. The 
double-brooded lot was designated as group IV; the single-' 
brooded, group II of the third year. 
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Group I of the second year, like group IT of that year, also 
split into single- and double-brooded lots. The single-brooded 
ones were numbered group I of the third year, and the double- 
brooded, group III. Pupae from these four groups formed 
the material used in this study. 


pedigree of groups I to IV and the relation to them of 
chromosomal variations 

I Motlw—June 


Diagram showing the 


First year 


i 

Second year I 


Third year 1 

13 chromosomes in six 
famities 

12 chromosomes In two 
families and part of 
family no. 45 

13 and 14 mixed in part 
of family no. 45 


i 

111 


i' 

HI 

13 chromosomes in five 
families and part of 
family no. 14 
12 chromosomes in one 
family and x>art of 
family no. 14 


i 

IJ Moths —August 

i 

II Moths--June 


i 

II 


IV Mothfl- 
August 


IV Moths- 
Junc 


13 chromosomes 13 chromosomes 
throughout throughout 


B. Distribution in groups and families of normal and 
abnormal chromosome numbers 

A detailed survey of material from ten families in group II 
and eight families in group IV revealed that chromosome 
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numbers here were entirely normal, no aberrant conditions 
being observed in hundreds of metaphases. 

An analysis of chromosomal conditions in groups I and ITI 
is presented in the accompanying table, which includes also 
the amount of material used and the approximate number of 
chromosome counts made. The salient features may be indi¬ 
cated as follows: 

1. The normal haploid number of thirteen chromosomes is 
present in six families in I and in five families plus part of 
family 14 in III. 


Table showing the distribution of chromosome numbers in spermatocyte 
metaphases in groups I and HI 


XVMBKR OF ; 

GROUP CHROMOSOMKM NVMBKR OF FAMTLTE8 
' PHK8KNT I 


KUMBKR ! 
I OF TESTKg 1 
; EXAMINED I 


NUMBER OF METAPHASKS 
COUNTED 


I 

III 

I 

III 

I 


13 1 6 

13 I 5 and part of family 14 

12 i 2 and part of family 45 

12 I 1 and part of family 14 

13 and 14 I Part of family 45 
in the same | 

testis I r 

! 


10 

128 

13 

1 127 

10 

1 269 

4 

! 186 

3 

! 13 eliromo- ! 14 ehromo- 


1 somes 1 somes 


139 i 56 


2. The twelve-chromosome condition is present in two 
families phis part of family 45 in I, and in one family plus 
part of family 14 in III. 

3. The presence of thirteen and fourteen chromosomes 
within the same testis is characteristic of part of family 45 
in I. This is the only case where ^deviation was observed 
within the individual. 


C. Correlation between the genetic record and cytological 

results 

Tracing, now, on the diagram the connection between chro¬ 
mosome numbers and the genetic record, it "will be seen that 
all individuals descended from the original grbup II are en¬ 
tirely normal as regards chromosome numbers. In groups I 
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and III lie all the divergences described. It will be noted 
that both the normal and the tw'elve-chromosome condition is 
characteristic of both these groups, with a preponderance of 
the normal condition in each group. The greatest observed 
variability is in grouj) I, due to the presence in family 45 of 
twelve chromosomes in some individuals and both thirteen 
and fourteen in others. The even-numbered groups thus show 
a stable chromosome complex; the odd-numbered groups are 
characterized by a certain amount of chromosome variability. 

mscussroN of the relation of chromosome number to 

SI>E(TES. CONCLUSION 

The processes by which chromosome numbers have been 
changed in different species is lielieved to be in some cases 
by linkage of chromosomes, and by the appearance of super¬ 
numeraries, including among the latter chromosomes derived 
by fragmentation (Wilson, ’25). Linkage between autosomes 
and betw'cen sex chromosomes and autosomes has been de¬ 
scribed in a number of species, notably by McClung (’17) on 
Orthoptera and Seiler and Haniel (’21) on Lepidoptera. In 
Philosamia cynthia the similarity of the X chromosome to 
the autosomes renders it impossible to determine the type of 
linkage here. 

It is known that linkage may be permanent as in the mul¬ 
tiple chromosomes described by McClung, or temporary as 
described by Seiler and Haniel in Lymantria. In this form 
linkage occurred in the male between the spermatogonia and 
the first spermatocyte division, and later in the female; but 
the linkage was resolved after fertilization, since the blasto¬ 
derm had the diploid number of chromosomes. The origin of 
linkage in Philosamia, as already indicated, w^as found to be 
in the late first spermatocyte prophase, but the question of its 
permanence must remain an open one, since, unfortunately, 
the Tearing of the moths was terminated before the cytological 
study was made. The same situation occurs in regard to the 
question of permanence of the fourteen chromosome condition. 
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Permanent linkage leads presumably to differences in chro¬ 
mosome number in different species. Harvey (’20) states 
that there is considerable evidence from certain groups of 
insects that numbers change by fusion and by splitting of 
chromosomes. She has described chromosome complexes in 
three species of Notonecta (’10), suggesting the interpreta¬ 
tion that two of them were derived from a third by a process 
of progressive fusion. In these cases there was, naturally, 
a correlation between the species characteristics and the chro¬ 
mosomal structure, but the point is made that the species 
differences might have been due to changes in other chromo¬ 
somes than these showing splitting or fusion. Thus, the oc¬ 
currence of chromosomal differences does not necessarily 
have a causal relation to species differences, and, conv<)rsely, 
species changes may arise without any observable chpoges in 
the chromosomes. A good example of this is to be seen in 
Yatsu’s work (’13) on the spermatogenesis of the silkworm. 
He found no differences in chromosome numbers or charac¬ 
ters in seventeen varieties of Bombyx mori, and he concluded 
that there was in this form no morphological correlation be¬ 
tween external features and chromosomes. 

It may be questioned, then, whether further breeding of 
aberrant families of Philosamia cynthia, also a lepidopteran 
and generally similar to Bombyx in chromosome form, would 
have disclosed any correlation between the chromosomal 
changes and somatic differences. Two points, however, stand 
out clearly: first, the restriction of the aberrant condition to 
groups I and HI; secondly, the regularity of the twelve- 
chromosome condition within certain families in these groups. 
Two conclusions are drawn from this, valid at least for the 
period of the experiment: first, that there has arisen a new 
strain with regard to chromosome varialnlity; secondly, that 
the twelve-chromosome condition derived linkage is not 
fortuitous, but is a well-defined characteristic, jartly estab¬ 
lished in some families and probably fully established in 
others. .. 
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SUMMARY 

1. A study of spermatogenesis was made on four groups of 
a pedigreed strain of Philosamia cynthia, and the results 
were compared with spermatogenesis in the wild material. 

2. Deviations from the normal number of chromosomes 
were observed in two groups. In some individuals the haploid 
number was 12, instead of 13. Giant spermatocytes were also 
observed with twenty-four chromosomes, including two double 
ones. In other individuals two haploid numbers, 13 and 14, 
occurred in the same testis. 

3. The twelve-chromosome condition is due to linkage of 
two chromosomes during the late prophase of the primary 
spermatocyte. The double chromosome thus formed appeared 
to divide equally in both divisions. The origin of the four¬ 
teenth chromosome was not determined. 

4. Correlation of the genetic and cytological data indicates 
the restriction of aberrant chromosome complexes to two of 
the four groups, and the regularity of the twelve-chromosome 
complex in certain families. These facts suggest two con¬ 
clusions: first, that a ne'^ strain arose in the pedigreed ma¬ 
terial with regard to chromosome variability; secondly, that 
the twelve-chromosome condition i.«i a well-defined character¬ 
istic, partly established in some families and probably fully 
established in others. 
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DESCRIPTION OP PLATES 

All the figures are from camera drawings made with compensating ocular no. 8 
with a tube length of 160 mm., and oil-immersion lens. They were enlarged 

2J diameters with a drawing camera, corrected from the original, and then 
reduced to i in the final plates. 


PLATE 1 

explanation op figures 

Spermatogenesis in individuals with 12 as the haploid number of chromosomes. 

1 Metaphase of late spernuitogonial division, polar view, showing the normal 
number of chromosomes. 

2 Growth jMjriod of primary spermatocyte, showing twelve chromatin rings 
and the sex chromosome (X) attached to the plasmosome (P), as in normal 
spermatogenesis. 

3 Early prophaso of primary spermatocyte. Thirte(m separate chromosomes 
present, as in the normal. 

4 Late prophase of primary spermatocyte, with twelve chromosomes. Double 
chromosome shown at J). 

5 to 14 First spermatocyte division. Double chromosome at D. 

5 and 6 Polar views of metaphase. Twelve chromosomes presdht. 

7 to 9 Parts of side views of metaphase, showing position of double chromo¬ 
some on the spindle and beginning of division. 

10 and 11 Anaphases in side view, showing characteristic form of doable 
chromosome during division. The upper group in each figure is complete, 

12 Double chromosome in telophase, side view. 

13 Polar view of telophase, with twelve chromosomes. 

14 Giant primary spermatocyte. Polar view of metaphase. Twenty-four 
chromosomes present, including two double ones. 
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PLATE 2 

EXPLANATION OP riOUEKS 

15 to 23 Second flpermatoc 3 rtc divisions m individuals with 12 as the haploid 
number of chromosomes. 

15 and 16 Polar views of metaphase with twelve chromosomes. 

17 Three side views of double chromosomes on spindle in metaphase. Tri- 
partite form characteristic of this stage. 

18 Section of a motaphase, side view, showing double chromosome and 
three others. 

19 Side view of anaphase. Double chromosome lagging in division. 

20 Double chromosome, tripartite, further drawn out on spindle, but middle 
region undivided. 

21 Both parts of double chromosome divided equally, to be distributed to 
daughter cells. 

22 and 23 Polar views of telophase,^ twelve chromosomes present. Double 
chromosome not identifiable in this stage. 

24 to 27 Spermatocytes with fourteen chromosotn^, from individuals with 
13 and 14 as the haploid number. 

24 Prophase of primary spermatocyte. Plasmosome at P. 

25 Later prophase of primary spermatocyte. 

26 Polar view of metaphase, first spermatocyte division. 

27 Polar view of metaphaM, second spermatocyte division. 
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